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Abstract

The aim of this thesis is to investigate the rdid¢ast protein dynamics (pico-
second timescale) in enzyme activity and stabilapd specifically to test the
hypothesis that enzyme activity and stability areersely related by their internal
dynamics.

Activity O Dynamics (flexibility) O 1/Stability

In order to test this hypothesis, the well knowti-aancer drug: methotrexate
was used as an informative ligand in the networtaldished between these
properties. A multidisciplinary approach combinimgutron scattering, circular
dichroism, UV absorption, isothermal titration aaheetry and X-ray crystallography
was undertaken to examine the current paradigmgusia enzyme: dihydrofolate
reductase as a model.

As inferred by neutron spectroscopy, the bindingMfX influences the
dynamical behavior of DHFR. Macromolecular dynansash as the resilienceksx<
(i.e. structural rigidity) was found to be incredsend, inversely, the flexibility
decreased upon MTX binding. In addition, as rewkddg circular dichroism, this
dynamical dependency upon MTX binding was correlatgh an enhanced thermal
stability. Compared to the free enzyme, the meltemgperature was found to be
increased by 13.8 °C in the presence of MTX. Tlngbitory power of MTX was also
examined by steady state kinetics and isothernaltion calorimetry. The Kfor
MTX was found to be in the nanomolar range= KL0.9 nM. Using isothermal
titration calorimetry, the binding thermodynamigrsature between MTX and DHFR
was characterized. The binding event was founcettatpely favourableNGp=-12.1
Kcal mol?), enthalpy driven&Hy= -16.8 Kcal maof) with an unfavourable entropy
AS,=-15.6 cal K'mol™.

In conclusion, the modulation of the macromoleculgnamics may reflect
how specific conformations are favoured for subsatjprotein function in response
of the binding of specific ligand and how conforimoatl substates approach to

protein function. In this context the unprecedemeder of transition state analogs



such as MTX on protein function might therefore dependent on fast protein
dynamics.

Keywords: Incoherent neutron scattering, circul&hibism, isothermal titration
calorimetry, steady state kinetics, dihydrofolaductase, methotrexate.
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Fast proteins dynamics and its correlation to &gtand stability

1. Protein dynamics and function: A moving story

1.1 Molecular flexibility and protein function

Proteins are the tools of the living; they partatg or perform all the reactions
within the cell. They are noticeably important iellcsignaling, cell adhesion or
immune responses. Because their role is very viessiitey are classified in families.
One particular class of proteins, namely enzymienodalled “life catalysts” lie at the
interface between the energies of the living aratgan function. These biocatalysts
enhance chemical reaction over 5 to 10 orders ofnmade by lowering the
activation barrier. They ultimately ease reactibmsccur on a life time scale but
paradoxically to their biological relevance, thegor of their prodigious power is
unknown. In this respect, a considerable effort éimelories were developed to
unravel the origin of enzymatic catalysis but n@ueceed to establish a general
consensus [1]. The concept of transition statecovated complex first developed in
the 1940s was reformulated by Pauling: ‘The adtwabarrier must be lowered to
speed the reaction’[2-4]. According to the poswylanzymatic catalysis must pass
through a critical and fleeting state: the traositistate corresponding to the
maximum energy state along the reaction coordinAléhough, this postulate
originally focuses on the chemical reaction itselélso strongly suggests the need of
a structural flexibility in the architecture of tiemzyme. In other words, the enzyme
might also experiences structural changes in dalguide the reactant in the proper
orientation for the reaction to occur. Indirecttiljs statement was introducing the
premise of a new era in enzymology: conformatidaattionality [5].

The earliest indication of this structural flexityl came from crystallographic
investigations, which was at first glance surpgssince the crystallization process
implies a structural homogeneity. Indeed, whenfitg two structures were solved
by X-ray crystallography, lysozyme and ribonucleasespectively, small
conformational changes were found between thetstieien the presence and in the
absence of substrate [6-8]. Daniel Koshland (whsesed away in July 2007) was

very surprised that these small changes were disdaand not being addressed as



Fast proteins dynamics and its correlation to &gtand stability

evidence of a new theory: induced fit (1958) [ShisT particular mechanistic model
supposes that the protein structure changes ugamdi binding. This view was
therefore prompting the first challenging pointsthe traditional paradigm, 'one
sequence, one structure, one function’. The madaitf conformational diversity
observed in proteins was just emerging and was ¢atgfirmed by several techniques
such as Nuclear Magnetic Resonance (NMR) [5]. Nayadvith many structures
from NMR and X-ray crystallography, structural chas are widely accepted as an
intrinsic property of proteins. Consequently, thexgood evidence that most, if not
all proteins require molecular flexibility for fution. These fluctuations range from
side chain motions to loop or sub-domain movemeantewen tertiary structure
rearrangement [10]. A growing and important coltttof molecular motions is
depicted in a specific database: The Database ofrdvieolecular Movements
(http://molmovdb.org/which could be considered as the dynamic couategf the
Protein data bank (PDB) [11, 12]. The movements identified and classified
according to their nature and geometry. Overad, rtiost intriguing consequence of
conformational diversity is that it provides a stural mechanism for protein
function. A fine-tuning is operating between thehatecture and the chemical
process. However, if the structures of the reacind@rmediates are sometimes well
defined, the frequencies of the conformational dgesn and their biological
importance remain largely unknown.

Pre-steady state kinetics and NMR studies have kgledon this fundamental
guestion [13, 14]. They have given a picture ofhbkihetic and structural details of
the catalysis mechanism of various enzymes sucbtyesphilin A [15]. In most
cases, a direct relationship can be establishedeleet the turnover number and the
frequencies of specific motions. In other worddito micro second motions are the
‘key stones’ in protein activity since most enzyoatalysed reactions occur on these
specific timescales [16]. Nonetheless, if thesdisgihave contributed to improve our
understanding of protein function, they have assumimat ‘functional dynamics’
must be restricted to this particular time windoWough this assumption can be
applied to many proteins, some proteins do notheiisuch dynamics changes to

perform their biological function but on the otheand, we cannot consider them as
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rigid elements. Indeed, the hierarchy of proteimaiyics spans over at least 15
orders of magnitude, some proteins fluctuate witkesls ranging from femto-seconds
to minutes (table 1.). Clearly, the various classfesotions extending over multiple
timescales throughout the protein might potentiallgty a role in protein activity
and/or stability. However, as reviewed by Dargelal, the role of dynamics in
enzymatic activity is very versatile: different pm functions may have different
dynamical dependencies. Conformational dynamicdilkely to be dependent on the
nature of enzyme and its catalytic mechanism [E®@}. instance, quantum/classical
molecular dynamics with site directed mutagenegpr@aches have correlated
femto-pico second timescale conformational changil kinetic motions in the
DHFR kinetic cycle (millisecond) [18]: suggestingat motions can be coupled to
each other in a specific network throughout thetgano It also suggests that fast
conformational fluctuation might be channelled iqmductive events for protein
function, which is intriguing since their frequeesido not match the kinetically
relevant motions [19]. On the other hand, protdimbifity is also dependent on
dynamics, in the sense that native proteins asebfle within much narrower limits
than their denatured form [20]. This has given tsé¢he paradigm that activity and

stability are inversely related by internal dynasnice.

Activity O Dynamics (flexibility) O /Stability

Consequently, proteins need to be sufficiently ibex to be catalytically
active, but not so flexible that they readily demat However, the nature of the
dynamic requirements for activity and stability angparticular whether they are the
same are unclear. Protein dynamics and how dynarhiciuations are coupled to
each others is still a paradigm of complexity. Wad methods have been used to
address this problem representing a gap in ourrgtadeling of protein function. A
number of concepts have been advanced to ratienhlsr precise role but the basis

of this inter-relationship still remains uncertain.
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M otions Amplitude Approximate time
(nm) scaleLog (9)
Electronic rearrangement 0.001 to 0.01 -15to -14
Atomic vibrations 0.001 to 0.01 -1410-9
Loop motions 0.05 -11to -6
Domain motions 0.1t0 0.5 -11to -6
Allosteric transitions 0.1t0 0.5 -6t0 0
Folding and unfolding transitions 0.5to 1 -3to 1

Table 1. The timescale and amplitude of various dynamiatssghat can occur in
proteins [21].

1.2 Fast motions for slow action? Fast swings for ssbeps?

In the literature devoted to protein dynamics faitein dynamics lie at the
border of the spectrum with time scale ranging fribrea nanosecond to the femto
second. The role of these motions that constaritigtifate along the protein
backbone and side chains is still a matter of awetisy. A number of studies have
clearly identified these motions as ‘random’ viwats not necessary for protein
function [22-24]. On the other hand, in the recgedrs, these ultra fast fluctuations
have gained popularity in view of enzymology andtein evolution [5, 19, 25-28].
In fact, there is much evidence indicating, thatmyn#uctuations can be coupled
together to greatly enhance the catalytic poweerddyme or participate in protein
stability [19, 29].

Are these motions simply inherent properties of proteins or have they
been harnessed to enhance the functional efficiency?
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A number of concepts have also emerged to ratemale role of fast protein
dynamics in terms of protein action. If proteinsvéaa hierarchical spatial
organization, which is naturally mapped onto thecsium of their motions, we
would in principle assume that the protein confdramaadopted must be functionally
relevant. NMR was used to test this determinist hypothesisriler to depict the
‘true’ number of alternative conformations of a gien protein in solution. This
number was exceeding largely what was expectedetdhb catalytically active
conformations [30].Interestingly, these findings have confirmed thestplate of
Landsteiner and Pauling in 1930, suggesting thabhunoglobulins can exist as an
ensemble of isomers with different structures bithva similar free energy. The
Monod-Wyman-Changeux (MWC, 1965), model of allasteegulation was actually
reformulating this concept of conformational divrsn view of enzymology [31].
The simple rigid scaffold of a protein was repladed a more modern view: a
dynamic equilibrium of pre-existing conformationkhis idea although considered
outlandish for decades is now elegantly presemeshergy diagrams such as folding
funnels found in Dill's theory [32]. This ‘new viéwf protein as inferred for instance

by Jameet al depicts proteins using a rugged energy landscag@dure 1).

Free
energy

CS

v

Conformational coordinate

Figure 1. Two dimensional energy landscape of a protéire energy minima
correspond to the different conformational substé@S) explored by the protein.
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This theory was originally formulated by the Fraiséder’'s group 20 years ago [33].
Indeed, energy landscapes are defined as the @btenergy of the system as a
function of all coordinates. The native folded fooha protein can assume a very
large number of nearly iso-energetic conformationsonformational substates. The
hierarchy is organised in tiers which are shiftgdhe presence a specific ligand [29,
33-35]. Energy landscapes are therefore imporiaseghey help to characterize the
different possible structures, but also becausg tletermine the dynamics of the
system. More recently, a number of studies haveewoed to build an unifying
picture, connecting: protein structure, energy $mage, dynamics and enzyme
catalysis. Free energy landscapes can be viewethras-dimensional catalytic
pathway [29, 36]. Enzymes reactions are suggesiedperate through “catalytic
networks” involving multiple energy minima (reagctio intermediates) and
unfavourable energy states (transition statesurdg?). Thus, this new view is
stochastic rather than deterministic and emphasigewing evidence for ‘non-
catalytically active’ conformations [19]. In othetords, enzymes must be considered
as existing in an ensemble of coupled conformalistates, working in concert to

achieve their remarkable efficiency [37].
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Figure 2. Schematic three-dimensional representation of thadard free-energy
landscape for the catalytic network of an enzynaetien G° is the free energy of the
system, E+S represents the enzyme and its substrateE+P the enzyme and
products respectively. This figure illustrates thaultiple populations of
conformations, intermediates (minima) and transgicstates (maxima) that may
facilitate the enzyme catalyzed reaction. This figwas created by Sarah Janes
Edward and reproduced from reference [36].

However, we still do not know how the different émmational substates inter-
converse. Fast protein dynamics might promote theattonal modes necessary for
the jumps between the various energy levels or aramdtional substates (CS).
Intuitively, these ‘promoting motions’ could be gded to slower motions relevant
for protein function [38]. In this respect, fasbtgin dynamics are believed to serve
as lubricant by enhancing the conformational spsen@pled by the protein [17].
Computational approaches such as molecular dyngiMiD) simulation have
contributed to bring some insights in this framekvg89]. The calculations and
consequently the timescales accessible from siionladre matching the motion
frequencies (ps-ns). These approaches have ngtymadlvided an opportunity to
examine if fast motions were required in energyribarcrossing, which are in

principle localized and of high frequency. In vietvenzymology, fleeting states such
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as Transition State (TS) or Near Active Conform@&Cs) might require such
motions to progress along the reaction coordingde 41]. By definition, NACs are a
ground state of the Michaelis complex which dieghtly in the geometry of the TS
within 0.4 A and 15° [42]. The changes in goingnirthe enzyme NAC to enzyme
TS are therefore very subtle and may therefore bagkbone fluctuations among the
conformational substates population to their fuorai relevance. A recent MD study
has examined the negative effect of a site spemifitation in the network of coupled
motions over different time-scales[18]. A clear geation between backbones
fluctuations on the ns-ps timescale with the kmetate of DHFR [43] was
established. It seems also that the efficiencyyofrdigen tunnelling might depend on
fast motions. This phenomenon by which a partidgs’ in the reaction barrier
because of its wavelike property is exquisitelyssire to the distance or donor and
acceptor molecule and temperature [44]. The tumue#ffect decreases respectively
with temperature. It is therefore tempting to assutmat these thermally excited
fluctuations are involved in the hydride transfeaction. Consequently, if these
views turn out to be correct, ps to ns motions tdlin particular responsible for the
crossing of activation barriers in protein functidn addition, these fast motions
would determine the shape of the free-energy lapsof the catalysed reaction [18,
45].

Now the research in these fields has to addresg timeding on issues relating
to protein allostery, enzyme evolution and drugigitesThe implication of fast
protein dynamics in fundamental sciences mightqumodlly affect our understanding

of protein structures.
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1.3.The dihydrofolate reductase enzyme: A prime model

1.3.1. Presentation

DNA is one of the major macromolecules in the aélsupports the genetic
information necessary for the cell to produce prsteThe DHFR enzyme, which is

found in all living organisms is of prime importanm this path. It catalyses the

UMD Thymidylate synthetase JTMP

‘_____
DNA synthesis

Dihydrofolate

I I nethylene tetrahydrofolate

Glycine ﬁ NADPHH*
1\ Inhibited by Methotrexate

Serine Tetrahydrofolate MADT*

Cancer therapy

Figure 3. Schematic representation of the folate pathway

reduction of dihydrofolate into tetrahydrofolatedatherefore participates in normal
folate biosynthesis. Consequently, DHFR is a keystin nucleic acids and protein
biosynthesis (figure 3). The biological relevandetas particular enzyme was first
indirectly highlighted by cancer therapy strategigBich were using inhibition of the
folate pathway to slow and block the growth of tusad he discovery in 1957 of the
dihydrofolate reductase enzyme by Futterman wastdming point of an avalanche
of studies not only dedicated to its medical agplan but also in fundamental
research field [46, 47]. This wealth of information the DHFR enzyme was taking
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advantage of the important number of anti-cancextesgies inhibiting directly the
DHFR enzyme. For instance, the development of dsugd as methotrexate, which
is known as a DHFR stoichiometric inhibitor [48§, still one of the most potent
treatments in certain forms of cancer [49]. Thecsgs of this enzyme as a prime
target in cancer therapy is still not questionede tecent development drug
Permetrexed for lung and oesophageal cancer refiectrelevance in drug design
[50]. Nowadays, this success has expanded beyoadpkiarmaceutical world,
extending to a number of research fields, whichoemgass not only applied science
but also fundamental research areas such as enzyynahd computational science.
The structure analysis of this small enzyme hasalked an interesting architecture:
the structure is made of two domains: the adendsiméing domain and the major
subdomain which are organized in@f fold [51]. Thep secondary structures forms
a relatively rigid skeleton counterbalance by ameesive number of loop which
accounts about 40% of the major subdomain. Thesl@p believed to control the
catalytic power of the enzyme by acting as a dycagate [51]. This unique
interrelationship has therefore prompted a growinggrest in protein function,
particularly in enzymology where protein motions. iprotein dynamics are implicit
in enzyme action but not completely understood. r@liethe DHFR biological
relevance in cancer therapy and this unique streiftunction relationship have
promoted the DHFR enzyme as a prime model for goragedented number of

research projects.

1.3.2. Kinetic mechanism

The dihydrofolate reductase first discovered bttdfman in 1957 belongs to
an ubiquitous pathway found in all living organisiinplays a key role in the normal
folate pathway enabling nucleic acid and proteintisgsis. DHFR catalyses the
reduction of 7,8-dihydrofolate @H) to 5,6,7,8-tetrahydrofolate ¢(H) using the
reduced form of nicotinamide dinucleotide phospl{t&DPH) as a cofactor (figure
4). In many organisms, the reduction of folate & li$ also catalysed, although less

efficiently.
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ZT

NHR
NH,
O —
HN
Jpa—— H +N—R'

H4F NADP*

Figure 4. Schematic representation of the reduction of dibfadate in
tetrahydrofolate using NADPH as a cofactor by theyene DHFR This material
is based upon the review of Benkoeal [45].

The reaction occurs by stereospecific hydride feansf the pro-R hydrogen of
NADPH to the C6 atom of the pterin ring offHwith concomitant protonation at N5
[45]. However, the protonation mechanism is stilmatter of debate. Indeed, for
hybrid transfer to proceed, the substrate mustrb®mpated at the N5 of the pteridin
ring but at physiological pH, only a small proportiof the substrate is protonated
[52]. Hence, numerous experimental and theoretgtatlies have attempted to
rationalise a possible mechanistic scheme [47]. &@n the complex contribution of
amino acids distal or proximal to the active siteyg-lived water molecules and the
effect of coenzyme binding still hindered the ansWide main question is how the
enzyme provides an architecture that complememttiemical reaction resulting in
the correct ionisation of 4#F for hydride transfer to occur. Not surprisingsite
directed mutagenesis and sequence alignment hab tblee light on a strictly
conserved carboxy residue in the active site (Agpa27 inE. coli, Aspartate 26 in
L. casei, Glutamate 30 in human DHFR). The interactionto$ &cidic residue and
the pteridin fragment was proposed to drive thesgate protonation. In addition, a
keto-enol tautomerism mechanism, involving longtlvwater molecules in the
vicinity of the active site, was proposed to papite actively in the mechanism.
However, the position of the water molecules olgdiby X-ray crystallography did

not agree with the model, which finally raised mapgestions than it answered.
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Consequently, in spite of the abundant data, thehar@sm of substrate protonation
is not fully understood [53]. On the other handg-pteady and steady state kinetic
analyses have given a detailed majofoli DHFR catalytic scheme Benkow al

[45]. The enzyme is cycling between five kinetigadbservable intermediates with a
preferred pathway (figure 5). The cofactor NADPHbédieved to initiate the catalysis
by forming the binary complex E:NADPH. The subseduanding of BF leads to
the fleeting Michaelis complex E:NADPH;H, and to the products E:NADP+H
E:HsF and E:NADPH:HF. In this complex mechanism, the association and

dissociation of the ligand are of primary importanc
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Figure 5. Kinetic scheme for DHFR catalysis at 25°C. E is B5INH is NADPH,;
N+ is NADP+;HF is dihydrofolate,liF is tetrahydrofolate. The preferred pathway
during multiple turnovers is highlighted in red [45

It actively modulates the overall rate of the pssalong a preferred pathway. The
hydride transfer rate, which is the key stage @f ¢htalytic process, is one of the
most rapid stages in the catalytic cycle whereaslithiting step is associated with
the rebinding of a new NADPH molecule. Interestynghe reaction product 4/ is
not released after hydride transfer. A new NADPHewoole must bind the binary
complex, E:HF, for HiF release. A synergistic coordination is therefachieved
between product release and cofactor/ substrateéngiiwhich plays a key role in the

regulation of the whole pathway.
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1.3.3. Structure

The pharmaceutical and biological relevance of DHiaRe led to a number
of structural studies. Various techniques such asyXcrystallography, NMR, and
neutron crystallography have contributed to a tedlanap of the architecture of the
enzyme in various ligated states. In particular Wk of Sawaya and Kraut has
depicted the reaction intermediates of the kineticle with more than 24 different
isomorphous crystals [51]. The corresponding nunabe. coli structures found in
the Brookhaven Protein Databank (PDB) now excedlslr8fact, E. coli DHFRs
complexed with small molecules such as drugs haea lvery popular over the last
20 years. In addition, despite a low sequence hogyobetween DHFRs isolated
from various sources (less than 30 %), DHFRs dyspldnigh degree of structural
similarity. Sequence alignment for DHFRs shows deseof strictly conserved
residues not only at the active site but also ia thstal part of the enzyme.
Consequently, this wealth of structural studies rasightE. coli DHFR a role as a
prime ‘model’ and the main reference against whiather DHFRs sources are
compared.

Overall, all chromosomally encoded DHFRs are sifadlB-25 kDa for most
enzyme species isolated from various sources)esidgimain proteins organized in
two subdomains, the adenosine-binding domain aedoibp domain also named the
major subdomain [14, 51]. These two structural feotre organized in a/f
structure consisting of a central eight stranflesheet (composed @strands A-H)
and four flankingx-helices (designateaB, aC, aE, andaF) connected by the loops.
The [3-sheet structure is suggested to form a rigid steldalancing the flexibility
from the loop sub-domain [51]. The adenosine bigdinbdomain (residues 38-88 in
E. coli DHFR) which is composed of twa-helices is the smaller of the two
subdomains and provides the binding site for NADRblety. On the other hand, the
major subdomain consists of approximately 100 tessdfrom the N and C termini
and is dominated by a set of three loops that snddhe active site. Interestingly, in
terms of sequence length, these loops makes umxapmately 40 %-50 % of the
major subdomain; hence it is sometimes called dbp subdomain. This subdomain
is made of three loops: Met20 loop (residues 9-B43 loop (residues 116-132), and
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G-H loop (residues 142-150) icoli DHFR [51]. The Met20 and F-G loops are also
referred to in the literature as loop 1 and loope&pectively.

At the interface of the two domains, we find a l@niggion, which plays a role
in the access to the active site through bendingom® The adenosine binding
domain moves relative to the major domain upon ibimof various ligands, resulting
in closure of the active site cleft. The actives siteft lies in the hydrophobic pocket
surrounded by the-helix B, the centrap —sheets (a, e and b), and the loop I. The
nicotinamide fragment of the cofactor resides itleap pocket in the vicinity of the
substrate whereas the rest of the molecule is iponsd at the protein surface.
Similarly, the pteridin ring of the substrate residn the centre of the protein with its
p-aminobenzoylglutamine part at the protein surfgfigure 6). This structural
arrangement provides the environment for hydridadfer to occur. The Met20 loop
is often depicted in the literature in respect witie catalytic pathway with two
distinct conformations, closed and occluded and fauthe crystalline state open,
closed, occluded and disordered (figure 9). Thdaromation of the active site loops
depends on the ligand bound in the substrate afattoo binding site. The loop
adopts the closed conformation when it packs agdines nicotinamide ring of the
cofactor bound in the active site. On the otherdhtre occluded conformation is
prompted when substrate site is occupied. The &mgliof variation between closed
and occluded conformation is up to 9A. The Met2@plds therefore an active gate

controlling the access of the active site.
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Figure 6 Cartoon representation of the tertiary structur& ofoli DHFR bound to
the substrate (folate) and the cofactor (NADP+cdBeary structural elements;
helices in yellow ang-strands in orange are denoted by capital Lattere{B, C, E
and F) and lower-case Latin letters (a-g) respefstivMajor loop regions are
labeled. The active site Asp 27 is labeled in pargdlhe adenosine-binding loop
(residues 62-70) is at the top of the structurkitig the ¢ and @-strands together.
The coordinate were taken from the X-ray structoiréhe corresponding ternary
complex (Brookaven PDB code 1RX2). This figure waade using PyMOL [54,
55]
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1.3.4. Bacillus stearothermophilus DHFR structure

Since our laboratory (Thermophile unit) is inteegsin the interrelationship
between activity/stability and protein function @nextreme temperature conditions,
we have used a DHFR from thermophilic organigacillus stearothermophilus (Bs
DHFR).

The X-ray structure of the free form B§ DHFR (1ZDR) was first determined
by Klinmanet al [56]. This structure is the first monomeric DHFRusture from a
moderate thermophilic organism. The structure wesolved at a 2 Angstrom
resolution and exhibits the commarf3 fold organised in two subdomain found in all
chromosomal DHFRs. Relative to the other known cttmes of DHFRs, the
sequence oBs DHFR shares the greatest sequence identity andhstsnwith the
DHFR from E. coli (38 and 58 %, respectively). In comparison, DHRRsnN
Lactobacillus casei or Thermotoga maritima share 35 and 23 % of sequence identity
and 56 and 40 % of similarity respectively (figiie[56]. The superimposition of the
two structures fronk. coli andBs show a very little deviation in the protein backbo
(figure 8). The average RMSD/residue was foundeactt® and 4.7 A for the main
and side chains respectively (table 2). The foldpaftern is extremely well

conserved between the various evolved thermal ssurc
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Figure 7. Structure-based sequence alignment [57] of reptasem DHFR
structuresBs, B. stearothermophilus;Ec, E. coli; Tm, T. maritima; Ca, C. albicans;

Pc, P .carinii; Hs, H. sapiens, Gg, G. gallus, Hv, H. volcanii; and Lc, L. casd.
Secondary structures found B$ DHFR are indicated on the top line. The sequence
alignment was constructed using the software Mul{&ig].
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Figure 8. Overlay of three-dimensional structureBdf DHFR (1ZDR, magenta) and
E. coli DHFR (1DRA yellow). This figure was made using {h@®gram Superpose
[59] available in the CCP4 package (Collaborativenputational Project, Number 4)
[60].
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Table 2. RMSD values of the main chain (blue) and side cra@d) betweeiBs
DHFR andE. coli DHFR. The graph was obtained using the progranefase [59].
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1.35. Motions and DHFR catalysis. a synergistic
mechanism

In this picture of catalysis, which takes advastag the X-ray and NMR
models, the structure of all the kinetic interméesaor models of the intermediates
have been solved. The various intermediates haea lsempiled in a movie to
highlight the dynamical key elements in view of teetic cycle(http://www.chem-
faculty.ucsd.edu/kraut/dhfr.ntml). This study has unambiguously revealed an
essential role for substantial backbone and sid@nshmotions in cofactor and
substrate binding and in the catalytic cycle. Ald3 % of the major subdomain is
formed by loops (Met20, F-G and G-H) which potditiamplies a high structural
flexibility. In particular, the Met20 loop is ond the major sites of conformational
change with the substrate binding pocket. The dosmcluded, and opened
conformations correlate to the various bindingestatlong the reaction cycle (figure
9). The loops movements are believed to assisptbger alignment of the reactive
groups involved in the chemical reaction [47]. Ttmmescale and amplitude of
backbone motions depend primarily on the conforomatf the active site Met20
loop. For instance conformational changes on theravmillisecond time-scale
appear to be related to the structural changebearotcluded-closed transition [61].
This is of particular interest since these motians comparable to the timescale of
product release (125 which is the rate-limiting step under conditioof steady
state turnover [45]. In addition, in the closed foomation, picoseconds-nanoseconds
timescale motions become attenuated [62]. The varmonformations adopted by the
Met20 loop have therefore specific fluctuations e®dover a wide range of
timescales, from pico to milliseconds. In this edp the Met20 loop serves as a
dynamic gate controlling the active site accesgyillThese finding are prompting
strong evidence of a synergistic mechanism betvgpecific motions and catalysis.
Boehret al have elegantly deepened our understanding on Hwesalled ‘promoting’
dynamics or motions in the DHFR catalytic cycle ][3Using NMR relaxation
dispersion they have detected a conformational ax@gd on a micro to millisecond
time scale between the ground-state structure amedav two excited states that

resemble the ground state of the preceding ant/fdllowing intermediate in the
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catalytic cycle. They suggest that there is anvaaticling conformational selection
during DHFR catalysis. It provides solid evidenbattthe whole kinetic pathway is
governed by the dynamics of the conformationaltflatons between the ground and
excited states of all kinetics intermediates. Cquosetly, certain enzymes such as
DHFR combine flexibility and plasticity to achieweeir function. The coordination
of the fluctuations is therefore expected to havdorg range impact on the

performance and the regulation of the enzyme.

Y, 4
Occluded

Figure 9. Three main types of the Met20 loop (residues P-8den, closed, occluded.
The picture is based on the atomic coordinateb®iX-ray structures of the complexes
of E. coli DHFR with NADPH (open, gold), with NADPEhd MTX (closed, grey), and
with H2F (occluded, purple) (PDB codes are 1RH3A1Rand 1RX5, respectively).
This figure was built using PyMOL [54] based on th&erence [63].
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1.3.6. Thetransition state analog M ethotr exate

DHFR is a key enzyme in normal folate synthesislatéois an essential
precursor metabolite required for many one-carlransfer reactions involved in
purines, pyrimidines synthesis, and amino acidq. [4his particular biochemical
pathway has therefore gained over the years anrtangopotential for inhibiting
rapidly dividing or invasive cells. Sidney Farbardacoworkers at the Children's
Hospital Bostonhad used this fact to cure canderthe 1940s, they were the first to
observe the effects of aminopterin, a folate amagpon cancer remission. The
therapeutic potential of the folic acid biosyntisepathway was just emerging. The
importance and recognition of this work came in 8&%hen Hitchings, Elion and
Black shared the Physiology and medecine Nobekgoz their joint work on this
important biosynthetic pathwayhtp://www.en.wikipedia.org/wiki/Methotrexate
Nowadays, the purine and pyrimidine biosynthesishyways have triggered an
avalanche of studies which have eventually ledht development of therapeutic
agents such as trimethoprim, pyrimethamine, metikate [49]. These so-called
antifolate drugs compete with dihydrofolate for théstrate binding site in DHFR.
Particularly pertinent to our discussion is the atip of MTX on the catalytic
properties of DHFR. MTX is a folate analog, onlyfeling at position 4 with respect
to folate competing reversibly with folate. It wakeveloped by Yellapragada
Subbarao in 1948 and is now used to treat millibpatients suffering with both
malignant and autoimmune diseases.

To understand the physiological and pharmacoloffects of MTX in the cell,
we shall see MTX inhibition as a combination ofestst two distinct effects: a partial
depletion of reduced folate substrates but alsa idirect enzymatic inhibition of
various key enzymes involved in the pathway suchD&H-R, and thymidylate
synthase (Ts) [64]. Although MTX is not in the stest sense a specific inhibitor of
DHFR, this enzyme has become its prime target [B8BHeed, overall drug
effectiveness depends significantly of the streragtt selectivity of the inhibitor. In
this respect the interaction between MTX and DHFER become a perfect example
of a high affinity interaction. The dissociationnstant of methotrexate fdt. coli
DHFR is about one thousand-fold that of folate<KL.0' Mol 1) [65]. MTX has
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become the ‘DHFR stoichiometric inhibitor'. Howevene fundamental question

remains unsettled:
Why does M TX bind so tightly to DHFR?

It is undoubtedly due to the structural featuresreti with HF. Most potent
inhibitor of chromosomal DHFR contain N1-2,4-diamiheterocycles. MTX and
H,F differ noticeably at position 4, where the 4-axoup of DHF is replaced with a
4-amino group (please, see figure 10). Numeroustaltggraphic studies on MTX
DHFR complexes have revealed a specific geometrgimding [14, 51, 66]. The
MTX binding site is well defined, a loop that forrtiee active site, residues 9-24 in
Lactobacillus. casel closes over MTX when bound to DHFR [51, 66]. Ogr tther
hand, the interaction of small molecules with DHf#aRs depicted extensively by
NMR studies. Interestingly, the pteridin ring of MTs inverted (180°) in the active
with respect the natural substratg=H67, 68]. This flipped orientation is believed to
alter the H-bond network favoring a direct intelact between two conserved
backbone carbonyl oxygen from the highly consemesidu Asp 27 and the 4-amino
group from MTX (figure 11) [69]. In addition, on g from the free to the bound
state, the pKa of MTX (complexed with casei DHFR) marked an increased, from
5.3 to 10.5 [70]. It further favors the H-bond fation between the conserved active
site carboxylate group which is negatively charged the protonated N1 from MTX.
This specific architecture contributes actively ttee stabilization of the MTX
heterocycle in the enzyme active site [51]. Thaltenergy of binding of MTX to
DHFR involves also a significant contribution framydrophobic interactions [71].
The pteridine and benzoyl rings of MTX interacttwiipophilic amino acids present
in the active site of the enzyme. For instance, kbg residues ensuring such
interactions are known ih. casel DHFR: Leu 27, Phe 30, Phe 49 and Leu 54 and
contribute to a stabilizing energy not lower th@n51kJ mof'[64].
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Figure 11. The arrangement of the pteridin ring of MTX (greyid HF (light blue)
with respect of the carboxy group of the aspadgidu 27 (Asp 27). Selected atoms
are numbered. The atomic coordinate were taken fthen structures of the
complexe<. coli DHFR-MTX NADPH (PDB code 1RX3) anH. coli DHFR HF
NADP* (1RX2) and were superimposed by the protein bawkb@he figure was
made using PyMOL [54] .
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However, even if it is now clear that these strradtuactors contribute to the
extremely high affinity of MTX for the DHFR, it deefully describe the unique
properties of the inhibitor toward DHFR. Interegtyy the dynamic characteristics of
the interaction between MTX anH. coli DHFR were studied by stopped-flow
kinetics and single molecule fluorescence [72]. Dhaling of MTX is a complex
process involving multiple enzyme conformations. plarticular, a conformational
change was attributed to the opening and closinghef Met20 loop and later
confirmed by X-ray and neutron crystallography &sd[51, 67, 73]. This
conformational diversity may underlie the greatematy of MTX toward DHFR
catalysis. One other striking property is the coapee binding of NADPH when
MTX is bound to the enzyme [74, 75]. The affinitynstant in the binary complex
NADPH-DHFR is lowered by 100 times when the inlobitis bound. This
observation supports interestingly the idea that XMTEan favor particular
conformational state of the enzyme and therefoveeted free energies. Thus, the
DHFR-MTX complex would represent a favorable enemggte of the enzyme
whereas the transition state marked by the assatiat NADPH-H,F-DHFR would
represent the maximal height in the energy pradilethe reaction [63, 75]. This
discrepancy in the binding constant between the templexes, DHFR MTX
NADPH and DHFR HF NADPH might provide the evidence for a synergisti

arrangement of MTX with enzyme structure, functaod dynamics.
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1.4 How to study fast protein dynamics: Theory of nentr
scattering

14.1. Basic properties of the neutron

A number of experimental and theoretical techniqces be used to assess
protein dynamics. However, the key parameter toosboa particular method is
invariably dependent of the space and time winddwni@rest. Using a schematic
energy diagram (figure 12), it is clear that thepse of protein dynamics can not be

measured by a single method.
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Figure 12. Comparison of neutrons with other biophysical mdtdime and space
ranges accessible to different techniques. Theerdifit types of neutron
spectrophotometers are denoted by chopper, batksiegt multi chopper, spin echo.
Adapted fromwww.neutron-eu.net.
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From MD to NMR or fluorescence, several ordersnafgnitude are covered
and sometimes overlap. However in most cases, itfegetht methods used to probe
protein dynamics gives complementary informatiosdoaon the radiation-sample
interactions. To a certain extent the method ofichdepends of the advantages and
disadvantages which can be obtained. Our goal emptésent work was to focus on
fast protein dynamics which occurs on the ps-nedicale with a space window in the
Angstrom range. Early experiment in this field uséassbauer spectroscopy [76] but
as illustrated, NMR, and neutron scattering, cao grovide significant insights in

these regions.

1.4.2. A powerful tool for structural biology: neutron
scattering

Neutron spectroscopy was developed after the Sleddorld War, in the late
fifties, through essentially E. Fermi. and laterlpnC.G Shull and Brockhouse who
obtained the Nobel prize in 1994 for their pionegriwork. However, the
establishment of neutron spectroscopy in biologysusprisingly recent, the first
experiences on DNA fibres were performed by Dalglkaond Rupprecht in 1971 and
further on membrane proteins in 1972 [77]. Nowagdaysutron spectroscopy has
gained in popularity with the development of inntbva instruments dedicated to
biological sciences [78]. Techniques such as smuadle neutron scattering have
reinforced the strength of neutrons in biology [80]. The opening of new research
centres with more powerful sources has also carngbto the rapid development of
neutron methods in sciences.

The unique features of neutron spectroscopy rasig#ysical properties of
these subatomic particles. Neutrons were firstadised in 1932 by J Chadwick in
the nucleus of atoms. Neutrons are either producatlclear reactor through the
fission of uranium-235 or in spallation sources wla accelerated proton beam hits
a heavy metal target. After moderation, the neutteam obtained has an energy
between 0.2 and 500 meV (1 meV=1,60Z4.0) with wavelength ranging from 2 nm
to 0.04 nm. The most striking properties of neutrane their relatively high mass:
1,675.1¢" kg (i.e. 1836 times the mass of an electron), aheence of electric

charge, and their spin: 1/2 [81].
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The energy of a neutron is related to its speethéyollowing equation:

1 .
E= E mv Equation 1

As all subatomic particles, neutrons obey to #wesl of quantum mechanics,
which means they behave like waves as well as gesti therefore we can
alternatively use a planar wave of wave vedtowith a wavelength\ to describe

neutrons. The module of the wave vector is equal to

||2| =2/ A Equation 2

Their energy can be therefore described with tHeviing relations

hk? h?
= = > Equation 3
2m  2mA
With h being the Planck constant
h _34 .
h=—=105510"J.s Equation 4
2ir

A neutron of energy of 25 meV, at a temperatur@3¥ K, has an associated
wavelength:r of ~ 1.8 A with a velocity of ~ 2.2 km/sec. Thesalues clearly
illustrate the strength of neutron in biology, thevavelength (about tenth of
nanometers) is comparable to interatomic distarfoesd in proteins and their
associated energy (meV) are very similar to thedsrthat maintain biological
structure such as hydrogen bonding, electrostateraction, van der Waals or ones
arising from the hydrophobic effect [82]. Thesecks are therefore weak and are in
the range of a few meV. Neutron spectroscopy tbeseimatches uniquely the
amplitude and energies associated with atomic metiound in biological materials.
Other important advantage of the neutron methotha it can characterize the
dynamics of any type of biological sample, which need not to be crystalline [83].
Small Angle Neutron Scattering takes advantageha property and allows the

exploration of ‘soft’ matter structures with lendtletween 0.5 and 500 nm [79, 84]
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As C.G Shull and Brockhouse summed up eleganttizeir Nobel citation, neutrons
enable us to know 'where atoms are and what atahns d

1.4.3. I nter action between neutrons and matter

Neutrons interact with atoms of an element in a mearthat does not seem
correlated with the atomic number of the elemeattl@ 3). It varies from one isotope
to another. Unlike X-rays, neutrons interact whie hucleus of atoms with an order
of 10" m. The nucleus can therefore be considered a-pkénscatterer, since the
neutron wavelength is five orders of magnitude dargmplying that the waves
scattered are isotropic [81]. The scattering oftreguby a single nucleus is described
in terms of a cross sectian measured in barns (1 barnZ£0square meter). It is
equivalent to the effective area presented by tiaens to the passing neutron. The
strength of the interaction is denoted by the sdat length: b and related to the

cross sectiow = 4rb” [85].

Atomic Scattering
number Element . 14 length
Z Scattering length (10" m) X-ray*
(10 m)
Coherent I ncoher ent
Diffusion Diffusion
bcoh binc
H -0.374 2.530
1 D 0.667 0.404 0.282
C -0.665 0.005
6 ct 0.619 0.05 1.69
7 N 0.937 0.198 7.05
8 @) 0.581 0.004 7.33

Table 3. Neutron scattering lengths for studying organidanoles [86]. b is the
coherent scattering length angllos the incoherent scattering length.
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This isotopic difference is of particular interést instance for hydrogen and
deuterium which both interact weakly with X-raystboave neutron scattering
lengths, bc and R, that are relatively large and quite different. $thoenborn
exquisitely highlighted the strength of the neutr@thniques in biology, ‘The
strength of neutron scattering remains principallythe manipulation of scattering
density through hydrogen and deuterium’ [87]. Tifeetence between the scattering
lengths of hydrogen and deuterium is the basisnofsatopic-labelling technique,

called contrast matching.

14.4. Scattering law

As displayed pictorially in the so-called scatteritriangle (figure 13), a
neutron scattering experiment consists to measwesxchange of momentum (Q)
and energy %« ) between the neutron and the sample. The scajteen be either
elastic when there is no change in the enengy £€0) of the incident neutron or

inelastic when the magnitude of the neutron wawtoré; change fa #0).

Figure 13. Schematic representation of a scattering eventt¢soay triangle).

The process can be describe using the followiragicgiships
Q = k1 —-K2  Momentum transfer

ha = E - E' Energy transfer
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The incoming neutron wave is characterized by aewestor k and energy E.

During the scattering event between, some neutaoasscattered in a certain solid
angle @2  in the directionof the wavevector kwith a final energy E’ along the
diffusion angled. This quantity is called the double differentiedgs section

d?c
dQdaw

Equation 5

It can be shown that for a system of N identicah&t of equal scattering length b:

2
d'g _ NﬁbZS(Q, w) Equation 6
dQdw K,

Where S(Qy) is called the neutron scattering function.

S(Q, w) = m > j <exr{ iQur; (0)] exp{ Q| (t)]>e_ |t
j — 00

Equation 7
The Fourier transform of S(@) equation introduce the intermediate time dependen

function S (Q, t).

S(Q w) = jooexp(ax))S(Q, t)dt Equation 8

—00

The intermediate scattering function S(Q, t) can viétten in terms of time-
dependent correlations between the position ospiatoms and the autocorrelation

of the same atom in the sample [81].

S(Q,t)=N_’f bb, (exdiQr, )] exd-iQr, ®]) + D (binc)* (exdiQr, )] exd- iQr, ®))

Equation 9

The intermediate scattering function denotes thstipo of the atom i at time t;(1),
in a system of N atoms with i=1,....,N.

The brackets reflect the average of all enclosaigst
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1.4.5. I nstruments

As implied by figure 12, neutron spectroscopy uaatumber of instruments
and strategies to explore matter.

Spin echo is primarily used to study slow relaxagghenomena in polymers,
glasses or magnetic materials [81]. It exploits amutron’s intrinsic angular
momentum or spin to access slow relaxation prose¢s&Ons). This kind of
spectrometer allows studies of dynamic processasgromolecular systems that are
relevant to, polymer [88] and biological scienc8S][ Neutron diffractometers and
small angle neutron scattering instruments esdnti@aunt neutrons as a function of
the scattering angle, and display few particukesitcompared to X-ray diffraction
[87]. D11 and D22 at the ILL, Grenoble, are neutbffractometers where small
angle measurements are performed. They are oftesh tasresolve the structure of
large scale molecules (10 to 1000 nm) such as meezular complexes or
polymers [90].

Some instruments such as neutron spectrophotomeiessure not only the
scattering angle but also the neutron’s energytidawletectors are devices that can
‘count’ neutrons but not resolve their energiese Ticident and scattered energies
must be known, so the beam must first be ‘prepafed’the measurement by
selecting a particular wavelength or energy. Aftieg, energy of the scattered neutron
is measured. Different methods exist to determimigtnon energies, the main being:
the time of flight and the backscattering (diffiaatoff crystals).

The time of flight technique uses choppers (rotatisks with slits) to select
neutrons depending on their velocities. A firstgber with a slit will sends a pulse of
neutrons at different speeds. A second choppemiyiiat a certain speed will only let
through neutrons of a certain wavelength. Knowimg time of flight of the neutrons
and the distance between the sample and the deteittes possible to calculate the
neutron outgoing energy. Examples of these typespettrometers are IN5 and IN6
at the ILL, Grenoble. On the other hand, crystals be used to select a particular
wavelength and therefore neutron’s energy. The aflee€c backscattering
spectrometers use this method. Indeed, it is basethe Bragg’s law, which is

extremely wavelength selective when the scattaaimgle is equal to 180°. To select a
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specific wavelength the monochromating crystalimpsy heated. IN13, IN10 and
IN16 at the ILL, Grenoble used this strategy. Sili¢E3 has been used in the present
study, a detailed description will be given but smanformation can be easily
obtained athttp://www.ill.fr/YellowBookCDrom)

1.4.6. Dynamic studies using neutron scattering

Equation 9 is fundamental in neutron spectroscdfutrons are somehow
‘schizophrenic’ particles, behaving either as aereht and incoherent wavelike
function. The first term found in the intermediaeattering function S (Q, t) is the
intermediate coherent scattering function, whichcdées the relative position of all
the atoms present in the system. This type of extia¢f depends on the relative
distances between the constituent atoms and thuss gnformation about the
structure of the materials. In the next part ofeéljgation, a second type of scattering:
incoherent scattering is depicted. The neutron watezacts independently with each
nucleus in the sample so that the scattered wawes tifferent nuclei do not
interfere. This scattering gives information abthé interaction of a neutron wave
with the same atom but at different positions aiffter@nt times, thus providing
information about atom diffusive motions involveddynamic studies [87].

Macromolecular dynamics are essentially followed ibgoherent neutron

scattering (INS). The scattering intensity can bsatibed with the relation:

Sne(Q, w) = joo exp(-iat)Y (b inc)2 (exdiQuri (0)] exd- iQu; ()]t
e ,

Equation 10

This relation denotes the motions of the same atoer time. Since, {qc(Q, ®) is

proportional to the square ofpl, the incoherent signal is highly dominated by the

scattering of hydrogen atoms reflect the dynanfeetons are therefore an exquisite
probe to investigate dynamic motions of the groigpwhich they are attached. This
is of particular interest for biological materiatsich as protein which contains

predominantly hydrogen atoms uniformly distributéd the structure. In the
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frequency range examined, pico to nano-secondeipratynamics can be therefore
studied with incoherent neutron scattering. A sdcmpicture of the theoretical
spectrum obtained from INS is given in figure 14.depicts the three main
components: elastic, quasi-elastic and inelastattexing. These correspond to the
energy resolved when neutrons interact with atdbiferent cases are possible. A
peak centred at zero energy transfer over all Qegasigns an elastic scattering. The
momentum may change but its energy is conserved =0). For an ideal
spectrophotometer, the elastic peak is a Diractioimchowever in practise, the form
and the width of this peak represents the instramesolution. At higher
temperatures, atoms begin to move, the elastic begiks to diminish in height as a
function of the wavevector Q. Two other types daitsering are now observed when
(ha #0): quasi-elastic and inelastic centered ba =0 and 7« #0 respectively.
Quasi-elastic broadening is rich in informationréflects how diffusive processes
such as translations or rotations occur in the gann the other hand, inelastic
scattering arises from energy transitions from thigh frequency vibration of
individual atoms.

AN
J \ ARANNANY ALY AN “&a“

Elastic Elastic and inelastic Elastic, inelastic
scattering scattering and quasi-elastic scattering

Figure 14. Scattering dependency over temperature with T>T1AB2pted from
[91].
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Hence, the variation of the intensity of the elagteak as a function of temperature
reflects various motions modes within the sampleweler, what can be gleaned
from these three types of scattering?

Different models are used to interpret and ratigeahe spectra. However, it
is worth noting, that the weight given to thesettetang modes depends primarily on
the energy resolution of the instrument. The eneagg Q-values accessible to a
spectrophotometer correspond in a reciprocal fastia window in space and time.
For instance, a backscattering and a time-of flighéctrophotometer have very
different time and space dependencies. Typicallgrational modes are analysed
within an energy range from 20 to 125 meV where#ational and translational
motions occurs at lower energy levels fron? eV to 30 meV. The selection of the
time and space window and therefore the instrumgntrucial to follow in a
satisfactory manner a specific type of motions.atidition, there are number of
models to describe and interpret macromoleculaanyes [85, 92]. Since, it was not
the aim of this work to focus on this issue, onhe garticular model is described in

chapter two.
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1.5 Aim and objectives

The aim of this research is to increase the unaledstg of the role of fast
protein dynamics in enzyme activity and stabilignd specifically to test the
hypothesis that enzyme activity and stability areersely related by their internal

dynamics.

Activity O Dynamics (flexibility) O 1/Stability

The specific objectives if we redefine more narmpwie interrelationship
between enzyme activity stability and dynamics tremprove our fundamental
understanding of protein dynamics to protein furcttiThe idea that enzymes might
have evolved not just structurally but also dynaiycto optimize their function in
intriguing but not proven [93]. We seek an improwsin this fundamental issue.

To address this problem, we have embarked a madtlinary project using
the technique of neutron scattering as the maibeto depict fast protein dynamics
on the ps-ns time scales. Our strategy was to fesitnultaneously activity, stability
and dynamics and to cross-correlate these findivgs.have performed this work
using a particular enzyme, the Dihydrofolate Redset(DHFR) from a moderate
thermophilic organismbacillus stearothermophilus (Bs DHFR). We have also taken
advantage of the pharmacological relevance of DHfRancer therapy for the
extensive structural information and the numbespcific inhibitors available. The
anti-cancer drug methotrexate was of particularegt since it could impact not only
on activity, but potentially also on stability, wtture and protein dynamics. We have
therefore used MTX as an informative probe in tresvork of pairs of properties and
examined dynamics/stability/structure relationshipfie thermodynamic analysis
combines both, circular dichroism and isothermaddrometry in order to assess the
effect of MTX on DHFR thermal stability and its bliing ‘signature’ respectively.
Classical kinetic measurements were performed tamée the potency of the
inhibitor on DHFR catalysis. The cross correlatafrthe various results is therefore

expected to provide the framework for sheddindititeg on our current paradigm.
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2. Effect of Methotrexate on DHFR fast protein
dynamics. a neutron scattering study

2.1 Introduction

The dependence of the catalytic action of DHFR ymadhics has already been
demonstrated using a combination of techniques aa&clNMR and steady state
kinetics [37, 45]. Motions concomitant with the @abf catalysis have been often
highlighted as the driving force, but little is kmo of the role of faster motions
occurring on the ps-ns timescales. In this contiéxt,important to distinguish which
motions are required for enzyme function and conadly for protein function.

The aim of my work is to further the understandafighe role of fast protein
dynamics in the activity and stability of this sfiecsystem. A key element in protein
function is molecular flexibility without which egmes for example cannot function
or fold correctly [93]. A key point in enzymologg the binding of specific ligands
which can selectively (or not) modify the dynamibahavior of such biocatalysts [5].
We have taken advantage of the tight binding inbibimethotrexate to examine the
interrelationship between dynamics/activity andbsity. In our dynamical map,
MTX is an informative ligand in this network of grerties since it can impact not
only on activity and stability but potentially ol these parameters.

As presented in the introduction, neutron scattgeisrparticularly well-suited to
study protein dynamics on the pico and nano-sectinésscale. We have therefore
examined the effect of the anti-cancer drug MTXtloa dynamical behavior of the
enzyme DHFR and correlated these findings withvagtand stability measurements

under the same conditions.

2.2 Technique overview: Neutron scattering

As mentioned in the introduction, there are a feaysvto characterize the
dynamical properties of biological materials ustihg technique of neutron scattering.
A relatively fast and simple way is to measure ¢hastic intensity as a function of

temperature. During the experiment the energy ef sbattered neutron is only



recorded at the elastic peak. If the atomic dispteents within the sample are
confined within the space-time window of the spagtrotometer, their displacements
can be described by the Gaussian approximatiothigncase the measured elastic
intensity (at zero energy transfer) is relatecheormean square displacement as shown

in equation 10 (a full development is given in Gaddeal [94]).

A simple way to describe the incoherent scattefumgtion S, is possible.

Equation 11

where <t> is the mean square displacement
The expression is valid for small Q values, wheué>Q? is smaller than 2.
The mean square displacement is therefore calcufaben the slope of the natural

logarithm of the elastic intensity as a functior(Q5f

2 _ _dIn(S,.(Q«=0)
<u > = -6 402

Equation 12

It is to be noted that different authors use eithdactor 1/6 or 1/3 in the previous
expression. If a motion is a fluctuation aroundikirium position, the <> values

is given by three times the slope. On the othedhtre factor 6 derives to an extent
from molecular dynamics calculations which are tffodo better approximate this
factor. The physical reason also derives from tet that the displacement is not
necessarily around an equilibrium position.

It is possible to extract, from the way the logan of the elastic intensity
decreases as a function of, @ root mean square displacement (RMSD). The RMSD
corresponds to the mean fluctuation of an atomratats equilibrium position in the
space and time window defined by the instrumemluti®n. The RMSD describes
the overall flexibility of the system, it is oftamted as <t and given in A An

independent parameter, postulated by Zaetail [95], is also commonly used: the



mean resilience <k>. This force constant introducea more quantative way the
‘stiffness’ of biological molecules. This parame®proportional to the inverse of the
slope of the mean square displacement as a fundficlemperature. The mean
resilience is given in N.th The higher the slope, the smaller the force @omsind
the softer the environment can be considered taidjnversely. An interesting way
to describe the flexibility, resilience and energgtential landscape was first
proposed by Dosteet al [92]. In this model, the RMSD can be assumed as th
conformational space that can be explored by thensin single energy well and the
resilience as the energy barrier between the varmammformational substates. In the
present work, the model of force constants was usedescribe macromolecular
dynamics.

2.3.The backscattering spectrometer: IN13

The backscattering spectrometer IN13 at the ILL wsesd during this work
(figure 15). The principle of backscattering is iawerse spectroscopy where the
energy of the scattered neutrons remains fixedoahdthe incident particle energy is
varied. The energy of the incident neutrons is raefi by the backscattering
conditions by the Bragg relation:

A =2dsind Equation 13

The energy resolution, which is one of the funda@deinstrument characteristics, is

given by the differentiation of the Bragg equation:

AE _ 2AA 2Ad .
— =" _=2cotéd+— Equation 14
E A d

The backscattering condition on IN13 permits a \gopd energy resolution [96] as
can be seen by the latter equation and takes Its2=wahen0 = 0. The energy

resolution depends on the quality of the crystal takes crystal imperfections and
impurities into accountAd/d~5*10°). The factor® is the angular divergence of the
beam and depends on the wavelength and the momoatoocrystal. The last factor,

cot 6, shows the advantage of the backscattering ingtntimThe best energy



resolution is achieved when the neutron are batiesed from the monchromator

wheno is close tau/2.
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Figure 15. Thermal neutron backscattering spectrometer lidg8ut

When neutrons have left the monochromator theyeftected on a deflector. Then,
they pass through a chopper and a monitor befaehneg the sample. Scattered
neutrons are first analyzed by another set of alystwhich reflect only neutrons
fulfilling the Bragg condition into thHe detectors ( situated on the opposite side of

the sample). The basic principle of a neutron detas to convert the neutral neutron



to a charged particle. There are a number of neutietectors [97put the most
common gas igHe. The underlying equation is given below:

He+n — 3 *H+'H+0.765 MeV Equation 15

The energy released by the reaction betwekngas and the neutron (n) produces a
current. This current, which is proportional to thember of neutron hitting the
detector, gets record by the electronics. The entidvavelength is varied via heating
and cooling of the monochromator. Indeed, thedattf the monchromator changes
upon heating and cooling, which results in neutodrdifferent wavelength being
reflected. The role of the choppers is to phase dleetronic circuit of the’He
detectors in a way that only backscattered neutasesounted and neutrons directly
scattered into the detector are ignored. The mooiants a fraction of the incident

beam and is used for normalisation of the differaaaisurements.

2.4 Material and methods
24.1. Chemicals

Deuterium oxide (RO, 99.9 % and 98 %) was purchased from Minipul,
Norell Inc. (Landisville, NJ., USA). MethotrexateM{X) was purchased from
Sigma-Aldrich Inc (St.Louis, MO., USA). Reagentslanedium components for the
purification and the analysis &s DHFR were purchased from Sigma-Aldrich Inc
(St.Louis, MO., USA) and Merck KgaA (Darmstadt, Gany).

24.2. Over expression and purification of recombinant
Bacillus stearothermophilus DHFR

Bacillus stearothermophiluBHFR clone was a kind gift of Judith Klinman,
(University of California at Berkeley, US). The osobinant protein was purified
from transformantE. coli cells (BL21/DE3) bearing the plasmid pET-2la-(+)
encoding for the DHFR gene. Thke coli clone was grown at 37C in Luria broth
media, containing 10Qug/ml ampicillin for the initial inoculum. The cellsere
grown in a bulk growth media pH 7 containing 30§ ml ampicillin as a batch-fed

culture in a 8.5 litres fermenter. ExpressiorBefDHFR was induced by addition of



IPTG at a final concentration of 1 mM at the endtlué first logarithmic growth
phase. The cells were then harvested generally aftel5 hours of growth and
concentrated by hollow fiber filtration. The cell&re collected by centrifugation at
8500 rpm for 30 min, washed in 0.9 % NaCl, recé&ged, and then resuspended in
40 mM Hepes pH 6.8 before being lysed by sonicaftoaycles of 5 minutes each).
The cell debris were removed by centrifugation 8@ rpm for 30 min and the
resulting supernatant was heat treated at 55 °@Gamin and centrifuged at 10000
rom for 20 min. The protein solution was then lahdm a SP-Sepharose XK 50
cation exchange column (Amersham Biosciences) gudierated in 40mM Hepes at
pH 6.8 and then eluted with a linear gradient &00- mM NaCl. Fraction showing
DHFR activity were pooled and then concentratedlimafiltration using an Amicon
concentrator (YM-10 membrane). The concentratedtibms were then dialyzed
extensively (molecular cut off: 6000-8000), freeireed and stored at 4 °C until use.
The purity was assessed by SDS-PAGE (Sodium-Dodsulfate Polyacrylamide
Gel Electrophoresis) and size exclusion HPLC (Higterformance Liquid

Chromatography) analysis.

2.4.3. SDS-PAGE ge

SDS-PAGE gels were prepared according to Laemnd]. [Jhe gels were
constituted of a 15 % polyacrylamide separatinglaytred with a 5 % stacking gel.
Gel preparation was performed with a concentrat@3(w/v) acrylamide solution
containing 3 % methylene bis-acrylamide (ProtoGeNétional Diagnostics). All
solutions are stored at"€. The electrophoresis was performed in a Mini-€aotll
dual slab cell (Bio-Rad Laboratories, Watford, URhe separating gel was first
gently poured in the casting module. Isopropanad wdded on the top to avoid the
formation of air bubbles. After complete polymetiaa (20 to 30 min), isopropanol
was removed and the stacking gel was layered otothef the separating gel. After
polymerization of the stacking gel, the wells wexgshed with the cathodic buffer.

Samples were prepared by dissolving 10 pl of samyitle 10 pul of double
concentrated sample loading buffer (125 mM Tris-H&H 6.8, 4 % SDS, 10 %-

mercaptoethanol, 0.4 % bromophenol blue and 20 Yeegbl). The mixture was



heated for 2 min at 95C and centrifuge 1 min at 13200 rpm. The samples an
molecular weight standard (Roche) are then appbethe gel (typically 10 ul per
well) with a Hamilton micrometer syringe. Electrapbsis was performed at room
temperature using a voltage stepped procedurevdli@ge was kept constant at 80
volts until the samples have reached the separgBhglhe voltage was then, raised
to 120 volts for approximately 20 min until thedkang dye reached the bottom of
the gel. Immediately after ending electrophoreffis, proteins embedded in the gel
were stained by Coomassie brilliant blue R-250 (®ycfor 30 min at room
temperature under gentle shaking. Destaining wadieap for 10 min at room
temperature and stopped with water when the bamde well defined. Finally, the
gels were photographed and conserved if necessarysolution of 10 % glycerol, 5
% acetic acid in 100 mM Tris-HCI pH 8.8 and driedlar vacuum between sheets of

transparent foil.

Separating gels (15 %) :
43% (v/iv)  Protogel™
358 mM Tris-HCL, pH 8.8
0.1 % (w/v) SDS
0.1 % (w/v) TEMED
0.1 % (w/v) APS

Stacking gel (5 %):

18.2 % (v/v) Protogel™

220 mM Tris-HCL, pH 6.8
1.8 % (w/v) SDS

0.1 % (w/v) TEMED

0.1 % (w/v) APS

Running buffer:

25 mM Tris base
250 mM Glycine



0.2 % (w/v) SDS
pH adjusted to 8.3

Staining solution (Coomassie):
0.1 % (w/v) Coomassie Brilliant Blue R-250
450 ml (v/v) Methanol
100 ml (v/v) Acetic acid
Adjusted to 1 | with distilled water

Destaining solution:

450 ml Methanol
150 ml Acetic acid
Adjusted to 1 | with distilled water

2.4.4. Neutron scattering sample preparation

To minimize the contribution of hydrogen scattgrirthe labile hydrogen
atoms from the protein and/or the ligand have texshanged with deuterium oxide
(D20). For the ligand MTX, a single deuterium exchaof& hours at 6-7 °C was
carried out before freeze-drying. As MTX is higlhgoluble in acidic condition, the
‘pH’ of the solution was adjusted to pD = 7.5, wgthe relationship pD= pkiwe+0.4
unit with ammonium bicarbonate 100 mM.

The purified protein was dissolved in® (10 mg/ml), gently stirred 12 hours
at 4 °C and then freeze-dried. The operation wasated two more times with higher
grade BO (purity 99.9 %), freeze-dried, and then stored 4C until use. Activity
was checked and less than 10 % of the originaviactivas lost during the process.
The DHFR-MTX complex was prepared in a similar mamrSince MTX is a tight
(Kq value is approximately TOM) and specific inhibitor of DHFR with a binding
stoichiometry of 1:1, we saturated the enzyme pedjmam with a 2/1 mole ratio
(MTX to respect to DHFR) during the final deuteri@xchange. After lyophilisation,



both enzyme preparations (100 mg) were dried okesphorus pentoxide. To reach
a higher hydration level, the proteins were equalibd in a desiccator over a
saturated solution of NaBr (which gives a relatuemidity of 50 % at 20 °C). After
exposure at this relative humidity (for two daykg D,O content was shown to be 20
%, (i.e. 25 mg of RO per 100 mg of dry weight protein). At this hydoatlevel the
sample holder was quickly sealed and stored at 4rfi@ use. The NaBr salt was
rotary evaporated before use to near dryness ier dodremove as much as possible

any remaining water molecules and then dissolvddgh grade BO (99.9 %).

24.5. Neutron scattering and Macromolecular Dynamics

Results described in this work are from experimepésformed on the
backscattering spectrometer IN13 at the Institudeid Langevin Grenoble, France
(information on the Institute and the instrument asailable on the web at
(www.ill.fr). The instrument allows the examination of atomidiors in the space
and time window of about 1 A in 0.1 ns. In this @péime window and according to
a Gaussian approximation, the incoherent elastittesed intensity can be analysed
as [39]:

Equation 16
6

1(Q.0 + Aw) = A ex

where Q is #sinB/A, 20 is the scattering angle andhe incident neutron wavelength,
<u?> values include all contributions to motions ire taccessible space and time
windows, from vibrational fluctuations (usually egpsed as a Debye-Waller factor)
as well as from diffusive motions. The validitytble Gaussian approximation for the
mean square fluctuation %u and its analogy to the Guinier formalism for smal
angle scattering by particles in solution has béisoussed by Réat al [99] and
more recently by Gabeit al[100]. In the Guinier formalism a radius of gyoatiRd

of a particles in solution is calculated [101]. Tparticle equivalent is the volume
swept out by a single proton during the time scélthe experiment({ 100 ps). The

analogy holds if the motion is localized well withihe space-time window defined



by the Q and energy transfer ranges, respectiVély.Guinier approximation is valid

2 2
it V'Q =1 Eoiowing our definiion of <, RF = 12*<>. As a

consequence, the Gaussian approximation is valid the domain where

2 2
V<U™>"Q *‘/_2. Data were normalized, at each Q-value, by the efw
temperature (20 K) data point (figure 16). The megoare fluctuations €u at a

given temperature T were calculated accordingéc3hussian approximation: as

In[I(Q0 % Aw)] = K + A * Q2 Equation 17

The mean square fluctuations were therefore catuias:
<u2> = —6A Equation 18

Elastic incoherent scattering data were collected scattering vector range of 0.52
Al < Q< 158 AL. The <#> values were then plotted as a function of absolut
temperature T (figure. 17). An effective mean foommstant <k’>, defining mean
resilience, can be calculated from the derivativeud> plotted versus temperature, T
[95, 102] (figure. 17):

. _ 0.00276
(k) =

d<u2>
dt
The numerical constants are chosen to express igki¥bewtons/metre (N/m) when

Equation 19

<u®> is in A% and T in Kelvin.

2.5. Results

Our experiments were performed on the IN13 badie@ag spectrometer
which allows the study of protein backbone motiona typical space-time window
in the range of ~1 A in 0.1 ns. The elastic incenéscattering intensities obtained on

IN13 for a range of temperature are shown in figlBeThe fitted straight lines were



used to plot <t versus temperature for the free and MTX complegadyme
(figure 17). The mean square displacemert<attributed to both enzymes increases
with temperature with a constant slope betweenrsD 260 K with a sharp change
above 220 K. This deviation has been previouslyntified as the dynamical
transition. It is generally attributed to the onsétthermally excited inharmonic
motions [103], but maybe due to the speeding ofhsomtions until they are
observable within the instrumental timescale, natran their onset [96]. In the
harmonic region T=50-230 K, the temperature depecel®f <d> measured from
the uncomplexed state behaves differently in corsparto the complexed state. The
presence of MTX seems to systemically lower the meguare displacement
amplitude by 15 % with a maximum up to 50 % arotheldynamical transition. It is
clear, that MTX significantly alters the structuriéxibility of the protein by
confining the atoms in a narrow energy well. Adzhglly, the mean environmental
force &k’>, calculated from the slope of the straight-lip&t of the scan indicates a
two fold increase k>= 3.3 N/m and k'>= 1.4 N/m in presence of MTX for the
complexed and uncomplexed enzyme respectivelyt(ifigare 17). However, above
the dynamical transition, in contrast with the flelty, which holds a significant
difference over the anharmonic regime i.e loweugalin the presence of MTX, we
did not observe any significant effect of MTX orethesilience of the system. It
remains essentially unchanged from 250 K to 320bbth samples.

This is at first glance surprising, however becaussitron scattering
experiment depends of the time and space resolgti@n by the instrument, other
energy conformations of the ensemble might be medlelndeed, there might be
additional contribution from exited states not astlele to the technique. In addition
results must be interpreted with the greatest daweause the conformational
landscape of macromolecules is, to some extentasatyre dependent. For example,
‘cryo structures’ (below the dynamical transitiongly correspond predominantly to a

structural state weakly populated at room tempesdti04].
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2.6.Discussion

In conclusion, the data obtained by elastic neuscattering in the harmonic
region shows that the free DHFR presents a largér end lower «> compared to
the MTX-DHFR complex. Using the theory of energpdacape and assuming that
the protein can execute harmonic motions along e minimum from the energy
landscape, the binding of MTX must be accompanigdthe reduction of the
conformational freedom. As elegantly suggested &gcZiet al <u>> and «> can be
easily represented with an energy well [105]. Reilg this graphical interpretation
of macromolecular dynamics, the energy barrier betwthe various conformational
substates must be increased and the relative fliegxivhich is reflected by the width
of the energy well must be somehow decreased.edrlgl shows that the relative
plasticity of the energy landscape is modulatedhieyprecise binding event of MTX.
An alternative way to present these results is tggest that the various
conformational substates ‘melt’ to favor particu@nformations (figure 18). The
number of CS is reduced and the shape of the enezljys remodeled. Possibly, the
well might harbor a funnel shape i.e. deeper wittestricted space in presence of
MTX.
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Figure 18. Schematic representation of the possible rearraageof the free energy
landscape of DHFR upon MTX binding.



Interestingly, it is therefore possible to obsesueh dynamical ‘groups’ and their
properties with neutron scattering. For instanbe, pseudo force ks, i.e. protein
resilience is often associated with structuraldiigi and is one of the observed
properties of the new conformational substateshalé been observed that under
thermal denaturation MTX acts as a protective ag&d6]. A recent study using
atomic force microscopy has also correlated areass in the mechanical stability of
DHFR upon the binding of MTX [107]. It is therefovery tempting to suggest that
MTX can modify the energy landscapeRs DHFR by guiding the protein toward a
particular folded state which is less susceptiblerifolding.

Relatively few studies have investigated the effettligand binding on
internal protein dynamic using the technique oftr@uscattering [102, 108]. Using
this particular technique, most studies have fogusethe effect of hydration and/or
unspecific molecules such as sugars on intern&imodynamics [17, 109]. The first
lines of evidence investigating the effect of a Bnspecific non-covalently bound
molecule were brought by Balag al (2006) [110]. Performing an inelastic approach
on the Time of Flight (TOF) spectrophotometer IN&y have associated a softening
effect, entropically driven upon the binding of MI¥ADPH on theE. coli DHFR
internal dynamics. These findings are thereforepposition with our results which
tend to demonstrate a stiffening effect on bothfigrability and resilience. There are
a few possible reasons for this discrepancy. Th&lument resolution is of particular
importance. We recall that TOF instrument sucthadN6 spectrophotometer detects
motions over a wide energy shell (i.e. 10 ps-100op$ with a limited space window
which is appropriated for pure vibrational analy8is. backbone motions). On the
other hand, backscattering spectrophotometers @sidN13 monitor motions on the
pico-second time scale (100 ps) over a relativabjevgpace window which matches
perfectly side chains motions [96]. From X-ray stures and particularly during the
refinement process, it well known that amino aattd £hains present a larger number
of accessible conformations or rotamers. On therdtland, structural constraints do
not allow this plasticity for backbone atoms. Ihart words, the potential changes
observed in neutron spectroscopy might be moreifsignt when observing side

chains than backbone nuclei. It is therefore noprssing that IN13 and IN6 reveal



very different motional frequencies and modes ket question remains the same;
which ones are the more relevant to unravel therrielationship between protein
dynamics and protein function?

A specific asset derived from the observationidé <hains is highlighted by
the technique of site directed mutagenesis. Beybadimple deletion of key amino
acids, the single replacement of a side chain ea® la deleterious effect on protein
function. Briefly, backbone nuclei can be depictesdthe protein skeleton whereas
side chains hold the chemical reactivity necessarprotein to function. However,
even if the correlation between fast protein dymanaind function is not completely
understood, the observation of side chain nuclstead of backbone motions might
in the first place be a better approximation tooenpass such inter-correlation. In the
future, it will be possible to depict the relevanmieside chain motions and their
contribution in internal dynamics with the increagi development of specific
labeling (personal discussion with Dr. M. Haertleeuteration laboratory, ILL,
Grenoble).



3. Binding energetics and effect of Methotrexate on
dihydrofolate reductase activity

3.1.Introduction

Proteins interact with a variety of ligand to erh a myriad of function in the
cell. Through these interactions, they control @evrange of biological processes
including protein synthesis, receptor signalingsignal transduction. A crucial part
of this process is the modulation of protein dyr@mipon ligand binding. Numerous
studies have observed a structural functionalipnglpreferred enzymatic pathway
but the modulation of protein motions upon ligamiding remained elusive.

An understanding of how enzymes distinguish betwaesely related ligands
on the molecular level might shed the light on thigrrelationship. To gain insight
into the factors that are most important for enzyigend interactions and dynamics,
the binding of closely related molecules havindiddt effect on enzyme activity has
been examined. This chapter will assess the immbitmode mediated by the
substrate analog MTX and its binding energetic tow@HFR. We will rationalize
these findings against the parameters obtainedtimatural substrate,;H

Different techniques can be used to fulfill thesealg. Here, Isothermal
Titration Calorimetry (ITC) was used to compare thermodynamic signature of
these two structurally related molecules, and stestdte kinetics were used to
characterize the MTX inhibitory pattern.



3.2.Steady state kinetics

3.2.1 Technique overview

3.2.1.1.The Michaelis-Menten equation

Enzyme kinetics is a conceptual tool that allowsaiinterpret quantitatively
and measure enzyme activity under variant parasetuch as substrate
concentration, temperature, pH, etc. It explaing/ lemzymes work and behave in
living organisms. In 1913 Leonor Michaelis and MauMiénten suggested that an

enzyme catalysed reaction can be described bytlwsving scheme

Ky ks
E+S ——> ES—> E+P Diagram 1
Kz

where E is the enzyme, S the substrate, ES the legngmzyme substrate, P the
product and k» sthe rate constants. The overall reaction rate eaddscribed using
the Michaelis-Menten’s postulate. This postulate kesa the assumption that
enzymatic reaction can be divided into two discpds, the binding of the enzyme
and the substrate (ES formation and breakdown)tladatalytic step concurring in
product formation. The concept of steady stateespwnds to a particular case where
the concentration of the ES complex is constanth®raatically, the reaction rate V

can be measured with the universally known Miclsaklenten equation:

V =V maxX [f]K Equation 20
m

With K= (ke+ka)/ky

Note that this equation introduces a number of ipatars such as Kand Vinax.
These kinetic parameters are crititalattempt to rationalized enzyme action. The



new constant ki has the form of a dissociation constant. Indeeds #&n apparent
equilibrium constant which measures the affinityte enzyme for the substrate.
The Vhaxis the maximum velocity when the enzyme is satdratethe substrate. The
meaning of Vax is also apparent from inspection of the MichaMisaten equation.

At very high [S], the quantity of:

8]

Lo [S]-i-—Km =1 Equation 21

limg;
And thus, V=Vfax SO the reaction rate V is independent of the satestoncentration.
For a more detailed description and complete deonaof the Michaelis-Menten
equation see [111]. We should also see that a nuofbmethods are available to
determine these valuable parameters (direct linéaeweaver-Burk as seen in figure
19, computer least-square fit method, etc). Theyahsform the Michaelis-Menten

equation and gives alternative statistical criteviastimate the goodness value [111].

1

g 1/V

TTHERX

1/[S]

Figure 19. Lineweaver-Burk plot (or double reciprocal plat) a typical enzyme
catalysed reaction. The y-intercept of the grapégsivalent to the inverse ofwx
and the x-intercept of the graph represents1/K



3.2.1.2.Competitive inhibition

Inhibitors can interact with an enzyme in diffearemays. In this respect a
number of inhibition models have been described exitnsively studied using
enzyme Kkinetics. Accordingly, inhibitors are oftefivided into three classes,
competitive, mixed (non-competitive), or uncompedt [111]. If a reversible
inhibitor can bind to the enzyme active site incpl®f the substrate, it is described as
a "competitive inhibitor." In pure competitive ifdition, the inhibitor is assumed to
bind to the free enzyme but not to the enzyme-sates{ES) complex. The binding is

described as shown below:

ki ks
E+S l—’ ES——— E+P Diagram 2
I K,
Ki
El

here K is the dissociation constant for the enzyme inbilsomplex (El). El does not
react to form E + P, and the enzyme is unablerid both S and | at the same time.
In this specific case, the mathematical treatmenivdd from the Michaelis-Menten
equation is modified and the Michaelis-Menten eiguator competitive inhibition is

now:

[S]

[s] + Kn{l + [||<|]]

where [I] is the concentration of the inhibitor aig the inhibition dissociation

V =V maxx

Equation 22

Ki

With KPP = K, x (1+ Mj

constant. The bracket denotes the concentraticheobnclosed moleculek 2P is

the apparent K for the substrate when the inhibitor | is preseis. inferred
previously, there are several graphical methods detecting and analyzing
competitive inhibition. For instance the Lineweaterk equation [112] for

competitive inhibition is:



1 _ Km _ 1 ( [|]) 1 .
s x— |1+ = Equation 23
V. Vmax [9] Ki V max

This unweighted fit double reciprocal plot is theast appropriate to use for
determination of kinetic values but it is the meshployed method in the peer
reviewed literature since it is one of the bettetimds for display, and convenient to
differentiate graphically the different inhibitorpatterns. A secondary plot is
therefore necessary to obtaif Ky, and \max and their standard deviations (a more

detailed description is given in the following sen).

3.2.1.3.Slow binding inhibition

Slow-binding inhibitors are compounds that inhitheir target in a time-
dependent manner. Slow binding inhibition is a mmeenon in which equilibrium
between enzyme, inhibitor, and the enzyme-inhibttomplex is established slowly
on a time scale of seconds to minutes. In thealitee, three main mechanisms are
proposed [113], the first one is very similar te tctheme presented in diagram 2. It
assumes that the formation of the enzyme-inhiletamplex is a single slow step
relative to the Michaelis complex formation. Thisechanism will be referred as
mechanism A. The second mechanism is more genedainaludes an extra step. It
assumes the rapid formation of the ElI complex bstggests a slow and favorable
isomerization of this El complex to an EI* complxh an equilibrium constant;K
(diagram 3). This mechanism will be referred asimesm B.

ki ks
E+S —— ES—» E+P
4—
! k
2
Ki
K
EIl —  , EI* Diagram 3



In a third variant, the enzyme itself must slowdpmerize before it can bind to the
inhibitor. These mechanisms can be distinguishedhey careful analysis of the
reaction progress curves. In the presence of aicisnhibitor, product formation
remains constant over the reaction unless substigpéetion. With slow binding
inhibitors, progress curves show clearly two phaaednitial burst of reaction which
is relatively linear with an initial velocity ¥and a second phase corresponding to a
steady state with a velocitys\(with often \p) Vs) [114]. Classically, the initial rate
(Vo) and steady state velocity (Vs) can be estimatedrgcally from the slope given
by the tangent at time zero and at steady statsh me-dependent inhibitions were
observed between MTX and various sources of DHFeR s8E. coli [65], L. casei
[115], and N. gonorrhoed48]. We have in this respect approach the opeagatin

mechanism and work out the parameters relativieganhibition mediated by MTX.

3.2.2. Material and methods

Bacillus stearothermophiluslihydrofolate reductase activity was measured
continuously by following the decrease in absorkeaat 340 nm using a molar
extinction coefficient okss= 12300 M™ L cm™ [116]. The standard assay mixtures
contains sodium phosphate buffer 100 mM at pH 8a dixed concentration of
NADPH (100 pM) at variant concentration offH(3 uM-200 pM). The final enzyme
concentration was typically ~ 0.3 nM. The reactraas initiated by the addition of 1
ML of enzyme to the reaction mixture (469 pL), predbated 2 min at a temperature
of 30 °C. Assays were run for 60 seconds using a therrctosmec heliosy-
spectrophotometer interfaced with the Vision™ 3gvgare (version 1.25, Unicam
Ltd.). Reaction progress curves were recordediplidate and repeated if the data
deviated by more than 10 %he Michaelis-Menten parameters: Kmg) were
determined by using the Enzpack software versi@n(Biosoft, Cambridge, U.K)
with the appropriate kinetic model. This softwales a least-square fit regression

analysis to fit the experimental data to the selk&inetic model.



The inhibition constant: Kfor MTX was determined using essentially the same
protocol as described above with the specified abdei HF concentrations at
different fixed concentration of the inhibitor: 80, 50 nM. The enzyme was pre-
incubated 2 min at a temperature of “8Din the reaction mixture containing, MTX,
NADPH. The reaction was initiated by the additioh H,F. To avoid substrate
depletion, we followed the linearity of the progesurves in the absence of the
inhibitor. Data collection and further analysis wgverformed using the software
Vision™ 32 (version 1.25, Unicam Ltd.). Reactiomgmess curves were recorded in
triplicate and repeated if the data deviate by ntbam 10 %. The inhibition constant
Ki, was determined graphically and computer assisyaasing the Enzpack software
version 3.0 (Biosoft, Cambridge, U.K) with a compe¢ model using a least-square

fit regression analysis.

3.2.3. Results

Kinetic profile: Bs DHFR is a ternary complex mechanism enzyme. Posvio
kinetics studies have indicated an ordered kinggchanism with NADPH binding
first to the enzyme [56]. The reaction progressvesir(substrate breakdown Vs
substrate concentration) in absence of the inhibitere linear. From their slopes
representing the initial ratesoVthe two kinetic parameters % and K, were
evaluated using one of the linearized form of théchdelis-Menten equation
(Lineweaver-Burk) [112]. From the double reciprophits, the Vhax value was 0.178
+ 0.022umole/min. The Michaelis constant for the naturddsdrate HF was found
to be 7.5+ 1.4 uM at 30 °C. This value is in good agreement witmkat al who
have determined aKof the same order of magnitude,¥L.5 and 12.%uM at 20 °C
and 60 °C respectively [56].

Inhibitor binding profilee When DHFR activity was continuously assayed
after the addition of the enzyme to assay mixtarganing MTX, NADPH and bF,
the resulting progress curves displayed a time ritgrg decrease in the reaction rate
before substrate depletion. This suggests the slstablishment of an equilibrium

between the enzyme, inhibitor and or enzyme-inbitsomplex. We also observed a



time dependent inhibition when the reaction wasated by the addition of NADPH.
These observations clearly outline the slow actingibition of MTX and
consequently, MTX can be classified as a slow hindlke first step of our analysis
was to find out the appropriate inhibition mechanfer data processing.

As inferred previously, the possible mechanismshpamiscriminated rapidly
from the inspection of the initial rate and steatigte rate. Under our experimental
conditions, the initial velocities Mvere dependent on MTX concentration; their rates
were decreasing with increasing concentration ofXMMoreover, a similar trend
was observed with the steady state velocity. Irseqnence, the diagnostic plots were
in favor of mechanism B. The determination of tlgiikbrium constant Kwas

possible using the initial rate of the reactiorga®n by the relationship:

1 _ Km_ 1 ( [|]) 1 .
— = x—— |1+ |+ — Equation 24
Vo V max [S] Ki V max

Graphically, the primary plot 1/Velocity versus HjF] (figure 20) shows the
common characteristic of a classical competitiveibition. The Vn.x values are
almost equivalent, 0.166M min™® and 0.17&uM min™ in the presence and absence
of MTX respectively whereas the apparent iKcreases with inhibitor concentration.
An apparent K, of 14.3uM was estimated for [MTX] =10 nM. The secondarytmo
the so-called Dixon plot [117], as shown in fig@% gives an estimated, Kalue of
approximately 11 nM which in good agreement witle tomputer least square
analysis which yielded Kof 10.9+ 1.6 nM. The MTX concentration is therefore very
close to that of enzyme (0.3 nM) therefore MTX bedgas a tight inhibitor. It also
interesting to note that the inhibitor concentmatis not reduced upon enzyme
binding ([I]>>[E]).
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Figure 20. Double reciprocal plot of the competitive inhibitiof theBs
DHFR by methotrexate. ## concentration was varied between 3-200
uM while MTX was at different fixed concentrationg) 0 nM; (<) 5
nM; (+) 20 nM; ¢) 50 nM. The straight lines are the best fit value.
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Figure 21. Replot of the slope from the double reciprocaitglfrom
figure 20 versus methotrexate concentration



3.24. Discussion

As often described in the literature from many R$Fsources, MTX is a
slow, tight and competitive inhibitor [118]. Ourpetimental data are consistent with
this inhibition pattern with respect to,H The inhibition constant which is an
apparent dissociation constant is three orders agnitude lower than the natural
substrate k. However MTX is not an exceptionally tight bindimhibitor of Bs
DHFR. The K value is substantially greater than various b&it@nd mammalian
enzymes:Homo sapien¥; = 6.1 pM [119],Lactobacillus leichmanniK; = 7 pM
[120]. However, as inferred by Baccanati al a number of studies have over or
under-estimated numerous; Kalues [118]. They noticeably neglect the enzyme
ligand equilibrium time dependency or the partigblgtion of the free inhibitor when
[~[E] and [E]>K; [121]. An illustration of such discrepancy canfbend in enzyme

database Brendgnttp://www.brenda-enzymes.info/The DHFRs Kvalues yielded

from the same organisr®neumocystis carinare over three orders of magnitude, 16
pM and 20 fM. Consequently, it is not possible tanpare in the strictest sense the
overall MTX potency with previous studies if thesag conditions and data treatment
are not similar [122].

Another point of interest came from the inhibitgrgttern. The kinetic data
presented here clearly show that MTX is an effectivhibitor ofBs DHFR but not
the origin of its power and mechanism. A compleieetic analysis for the
calculation of the kinetic constants would certaifielp to draw the complete
mechanism of the slow-binding inhibition 86 DHFR by MTX. For instance, the
second equilibrium constant*elative to the isomerizaton of the enzyme mayeha
been evaluated. However the experimental acquisiioVy is not straightforward
since it is difficult to measure the initial slopéthe progress. Indeed to follow such
events, a rapid experimental technique is sometmagsired with dead times in the
milli-second time range. Moreover, the analysis tmewploit the entire progress
curves as suggested in [122] with multiple nondineegressions [123, 124]. The
mathematical treatment and the powerful computekages they involve@such as

DynaFit: www.biokin.com [125] were beyond the scope of the work proposetis

chapter. It is maybe frustrating for a kineticishavknows what is hidden in the



‘black box’ but to rationalize the enormous powé&MI X such analysis is needed.
This issue is particularly relevant in drug desighe differences in binding affinities
are currently used to target preferentially eitm@mmalian, prokaryotic or parasite
cells [126]. The design of new anti-folate drugschsuas MTX in cancer

chemotherapy, bacterial or parasitic infection rgquires such efforts.



3.3lsothermal titration calorimetry

3.3.1. Techniqueoverview

The aim of this chapter is to determine the bindai@nity and the
thermodynamics parameters associated with theartien between the enzynigs
DHFR and the anti-cancer drug MTX.

The recognition of a specific ligand by a proteiomes from a delicate
balance between various factors such as the enaopenthalpy. The overall change
in enthalpy and/or entropy is a sum of several rdomtions that can be either
favorable or unfavorable. For instance, high sp&tif can be achieved by the
formation of optimal contacts such as hydrogen Bpndan der Waals contacts,
electrostatic interactions, pKa changes [127] anegonformational changes [128].
Due to the many possible contributions to the olexer changes in the
thermodynamic parameters upon binding, assigniagdles of each can be difficult.
Nevertheless, this knowledge is crucial if we wantunderstand how specific is a
protein toward its partner.

Binding affinities are usually determined by uswayious techniques: UV-
visible spectroscopy, surface plasmon resonancg, ¢ic. Unlike other techniques,
ITC allows the complete determination of the thedymamics signature of the
interaction between two molecules [129]. The bigdassociation constant,Kthe
stoichiometry N and the binding enthalgid, are available in a single experiment
[130]. The free energG, and entropyAS, of binding are calculated from the

association binding constant Ksing the equations [131].

AGp = -RTIn(Ky) Equations 25
AGb = AHb-TASb.

ITC is a differential technique that measures diyeihie binding equilibrium
by determining the heat evolved on association bfjand with its binding partner
[129]. For a typical titration, the macromolecuteglaced into the sample cell and



small injections of the ligand are made until afl the binding sites on the
macromolecules are saturated. The heat releaseddash injection is recorded and
integrated yielding a typical sigmoidal curve tltain be fitted to a binding model
[132]. The amount of heat evolve®)(on addition of ligand can be represented by

the equation:

1

Q =VpH,[M] K, [L] x 1+ Kg[L]

Equation 26

whereV, is the volume of the cellyHy is the enthalpy of binding per mole of ligand,
[M]: is the total macromolecule concentration includiwognd and free fraction,Ks
the association binding constant and [L] is the frgand concentration.

In this respect, this technique has been succéssfegd in drug design [133].
Indeed, ITC is particularly useful in the optimizett of drugs binding affinities since
the various forces involved in the equilibrium che dissected [134]. We have
therefore used this calorimetry technique for ibsque features to characterize our
enzyme-MTX complex and depict the most importantidg forces embedded in the
equilibrium. ITC can be used to obtain accurate suements of the binding
affinities for protein ligand interactions with liimg constants between *.and 18
M™ [131]. A common problem with molecules that havweesy high affinity (that is,
nanomolar range or lower) is the difficulty of detening accurately the binding
affinity. ITC has an upper limit set with a maximufi 1-10° M for the binding
constant. This restriction is a serious drawbacicesithe reported MTX binding
affinities (Ky) toward DHFR approach the nanomolar or sub-namaage [119,
135, 136]. To circumvent this problem, we have @anked a competitive titration as
described by Sigurskjold [137] and implemented ®la¥quez-Campogt al [131].

In this experimental approach, the goal is to lother affinity of the high affinity
ligand to a level that can be measured. Thredititra are needed. First a titration
with the weak ligand (bF) in order to characterize its binding thermodyitmn
second, a titration with the high affinity inhibitdMTX) to measure its binding
enthalpy and third the displacement titration imirod) a mixture of both ligands. This

method has been validated and used successfullgetermine the association



constant between inhibitors, peptides, carbohydasie nucleotides with proteins
[131, 133, 137].

3.3.2. Material and methods

3.3.2.1.Sample preparation

Proper sample preparation is essential for suadeldst testing. In particular
a minimal number of requirements need to be felfilto insure an accurate estimate
of stoichiometry (N), enthalpy of bindind\ly), and binding association ¢K Beyond
the technical requirements implied by the machiselfi temperature, stirring speed,
reference power, particular care has to be givethéamacromolecule solutions. For
all experiments, the protein was dialyzed overnigith the same buffer used for the
ligand solution to avoid any mismatch between stiw@mpositions. We have used a
100 mM sodium phosphate buffer pH 8, 200 mM NaCR &M Tris [2-
carboxyethyl] phosphin€TCEP) for the ligands and the protein. This buffeas
selected for the optimal stability and solubilitfy the reactants. The samples were
filtered and degased prior use.

The protein, HF and MTX concentrations were assessed by UV spsswipy.
Molar absorption coefficients of 25440 L Mcm™* at 280 nm, 28000 L Mcmi® at
282 nm and 22100 L Mcmi* at 302 nm were used respectively.

The thermodynamics binding parameters of MTX to BHkKere measured
using a Microcal VP-ITC instrument (Microcal. Indhe setting up of the machine
was identical for all three experiments. The mearments were done at 26 with a

reference power of 10Cal/sec with high feedback gain.

3.3.2.2.Direct titration: MTX and #F binding.
The titration of the high inhibitor affinity MTX awsisted of 28 injections of
10 pl each of a 20QuM stock solution of MTX. MTX was injected into tleample
cell (V= 1.42 ml) containing 38M of Bs DHFR (the protein:ligand ratio used was
1:6). The injections were made over a period ofs&bonds with a 5-min interval

between subsequent injections. The sample celktasd at 286 rpm.



The calorimetric titration of the natural substral&F was determined with 28
injections of 1Qul each of a 50QM stock solution of HF. The sample cell (V= 1.42
ml) contained 76uM of Bs DHFR (the protein:ligand ratio used was 1:7). The
injections were made over a period of 10 seconds a&v¥4 min interval. The sample

cell was stirred at 307 rpm.

3.3.2.3.Displacement titration experiment

The displacement titration was set as previouslscdieed. The pre-bound
complex contains 48.:M Bs DHFR with 500 uM H,F (weak ligand: the
protein:ligand ratio used was 1:10). The solutionthe syringe contains 8QaM
MTX (high affinity ligand: the protein: ligand ratiused was 1:15).A series of 20
injections over a period 10 s with 4 min intervaér& made to assess the binding

thermodynamics.

3.3.2.4.Data analysis
The binding thermodynamics parameters: StoichioméN), association

constant (Ka) and the binding enthalpyHp) were determined using the Origin
version 5.0 software from MicroCal interfaced tGateway PC for data acquisition
and analysis. Direct titration of JH and MTX were performed using a single site
model. Heat dilutions and baseline correction wenefully subtracted from the raw
data before analysis. The tail of the titratioreaftncludes heats from ligand dilution
and buffer-buffer interaction, | have performediteation of the ligand against the
buffer to determine this heat of dilution, then ¢& average and subtract from all
data points.

For the competitive binding, the mathematics of tmethod have been presented by
Wang and Sigurskjold and implemented by a numbegrofips [137, 138]. In these
experiments, the observed affinity and enthalpynaaee up of two contributions, the

energetics for the displacement of the primaryry&LF and the binding energetics

for the secondary ligand MTX. The observed bindiffgity ( Kgbs) is given as:



1
Kgbs =Ky ————— Equation 26

X
1+ K _[8]

where K is the binding constant for the strong ligand,ithe binding constant for
the weak ligand and [S] the concentration of tlee fiveak ligand in the calorimeter
cell. The observed binding enthalpy also contahles ¢ontribution from both the

primary and secondary ligand

K[S]

AHgps = AH —AHS—[—]1+ G
S

Equation 27

Using the software package from Microcal, the asialpf the displacement
titration was performed using a competitive bindingdel. The binding energetics of
H.F with equation 27 were used to determine the hopainergetics of MTX. The
data correction was performed differently as memwpreviously. The endothermic
peaks at the end of the titration were average fiteenstable saturated baseline and

substracted from all the data points.

3.3.3. Results

As previously stated, due to the extremely higlnajf of MTX, the binding
thermodynamic parameters were measured in a campetxperiment using #f as
a weak ligand. Figure 22 illustrates the threatiibns necessary for the complete
description of the binding signature.

Panel (a) from figure 22 shows the direct titmatad MTX against the enzyme.

As inferred by the graph, the characteristic sighstiape obtained generally from the
binding isotherm is not observed [131]. The traosibetween the non-saturated and
saturated states is very sharp and approachey tieadrity. Indeed, if the region of
the binding isotherm in which the transition takédsce contains less than two points,
the slope of the inflection (which determines theding constant) can not be
reasonably determined. Consequently, the equivaelgmmint can not be identified

accurately which necessarily impairs the accuraterchination of the binding



constant. Nevertheless, using a single site mtikeldissociation constant {Kwhich

is the inverse of Kvalue was found to be 1.3 nM with a 1/1 stoichiopnéN= 1.1).

It clearly demonstrates that the free enzyme btigigly and selectively MTX at a
single site. However, this value reflects only aéo limit for the binding affinity
since we are beyond the limit of the ITC resoluti@m the other hand as described
by Sigurskjoldet al [137], this restriction did not impact a preciseasement of
the binding enthalpyAH,= -16.8 kcal mof.

The two other experiments consist of the titratodrthe weak ligand (bF)
alone and secondly the displacement reaction (DHRR against MTX). The
titration of the natural substrate,H with DHFR shows the common binding
isotherm. The transition and therefore the equitaf®int are easily fitted with a
single site model. The binding stoichiometry giaet/1 ratio (N= 0.9) with a binding
constant of 1.8M. This value is very close to the Michaelis constdetermined by
steady state kineticsq¥ 7.5 uM. The binding enthalpy was found to be favorable
AH,= -12.1 kcal mot and characterized by unfavorable positive entropginge
AS= -14.3 cal K'mol™. The most notable feature of this experiment & the heat
effect associated with binding is exothermic. Tlaculated binding Gibbs energy
AGp= -7.8 kcal mot is therefore enthalpy driven.

On the other hand the displacement titration carfodlewed with the heat
binding isotherm shows in panel (c). The plot haigent curvature to allow the
determination of the apparent binding affinity. @ndthe conditions of this
experiment and using a competitive model, the bigdionstant was & 2.9 nM
which is surprising since the value was expectegettower than 1.3 nM as inferred
previously. However, the error is quite large + Bl rso it can explain such
discrepancy. It also yielded a negative enthalpyclviseems to be underestimated
AHy= -11.9 kcal mof with an almost favorable entropy tet$,= -0.7 cal K'mol™.

A second mechanism must contribute to this excebsiow value of enthalpy and
change in entropy. Structural studies have depictadormational changes in the
DFHR structure upon ligand binding [51]. Howevdre tcompetitive binding model
does not take into account conformational reorgdign. This is a serious drawback

since as inferred by Horret al conformational heterogeneity can drastically



modulates the thermodynamic signature and partiguthe enthalpy and entropy
values [128]. The dynamic nature of proteins amddiange in the position of atoms
could therefore contribute to a significant levelthe binding thermodynamics. This
particular thermodynamic signature could reflet¢ss synergistic mechanism when
H.F is bound prior to DHFR. The absence of lineartiporin the first injections
could also derive from this contribution. Unforttelg, it is not possible to determine
the various factors involved in this specific belbbavAnother contribution which is
scarcely approached in the literature is the sizdisanalysis. Data fitting using a
specific model is relatively easy and straightfavavith the Microcal package. For
instance, the stoichiometry values are given witelative error of 1 % which may be
far too good for an ITC experiment. On the othet #re Ky values are less accurate,
the relative errors are over 150 % in all testexksaTherefore, it might be harzadous
to give a precise statistical meaning¥§, since it is calculated from the enthalpy and
binding affinities using equation 25. It would inrziple include the statistical error
from both, Ky andAHy. In fact, the statistical deviations from tableodly reflects
how good the experimental values agree with thdysisamodel. What would be
probably more useful and relevant will imply theegtion of each experiments, at
least twice to cross correlate the results. Needrtis, we shall see that an ITC
experiment is time demanding and only two or thitations can be made during a

day work (if everything goes well). Thus, it imgasuch analysis.

Kd AHy, AS

Ligand (M) (kcal mol)  (cal K* mor?) N
MTX 1.310°2.110° -16.8+ 0.4 -15.6 1.14+0.01
H,F 1.8+ 3.3 -12.1+ 0.1 -14.3 0.90+0.01
MTX into 3 3
2.910°+510 -11.9+ 0.4 -0.7 0.96+0.01
BsDHFR-H,F

Table 4. Thermodynamics of binding of MTX, 4# toBsDHFR.
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3.34. Conclusions and discussion

The most notable feature of this experiment is, thaexpected, MTX binds to
the enzyme with a higher affinity than,H (by three orders of magnitude). In
addition, the thermodynamic profile for both ligand very similar qualitatively. The
binding is enthalpically favorableAH<0) and entropically unfavorabl&$<0). The
reduced affinity for HF is due to a significantly reduced favorable bmgdenthalpy
from AHyp= -16.8 kcal mdf for MTX to AHy= -12.1 kcal mot for HoF (AAHy= -4.7
kcal/mol). There is some enthalpy-entropy compemsain that the entropic
contribution to the binding of #f is less unfavorable than MTX. However the
difference is not large enough to counter the ntadei of the favorable enthalpy
loss. At the thermodynamic level, the binding elghaprimarily reflects the strength
of the interaction of the ligand with the targepdtein (e.g Van der Waals, hydrogen
bonds, ionic bridge, etc.) relative to those ergptivith the solvent [139]. A potential
source of this more favorable accommodation inddwee of MTX could reflect the
better ability of MTX to create additional bondsesigthening its interaction with the
enzyme. Using the R67 dihydrofolate reductdasekson et aJ140] have pointed out
that the enthalpic signal arising from folate amdifalate drugs primarily originates
from thep-aminobenzoylglutamate fragments and not the dilyidpterin group. In
addition, the reduced and keto form (N3 protonatddiplate were found to be the
preferred binding states. It further supports argjrrole for O4 and/ or N3 atoms in
the interaction. These finding agree well with heall available biochemical and
structural data fromE. coli and L. casei DHFR. From these DHFR sources, a
particular ionic interaction between thé2of the highly conserved aspartate 27 and
the N1 atom of MTX has been identified as the ntgining force [14, 63, 66, 67, 73,
141, 142]. It clearly indicates that the replacenwnthe 4-oxo group of HF by an
amino group has a dramatic effect on the bindingrgetics It induces a unique
binding geometry in the enzyme active site. Thiglifig involves the positioning of
pairwise interactions or counter charges such as&h increase in ligand order or
rigidity occurs. However, these results are in gisament with NMR [143] and X-
ray [144] studies which suggest that the MTX highding energy is due to an

increase in entropy of the system. These studiéseably suggest that the binding



energetics associated with folate and its analogses from a disordered segment of
the molecule. The relative disorder presents in mhelecule would help the
positioning of the negatively charged tgi-gminobenzoylglutamate). It should be
emphasized that the entropic term depends primamiytwo main forces. An
unfavorable term, which originates from the loss coihformational degrees of
freedom from the ligand and from some residueténprotein. Secondly, a favorable
term, which comes from the release of water mokuwipon binding or by a less
efficient burial of hydrophobic groups from the waht (solvation effect) [145].
Unfortunately, water molecule maps of the free #ralvarious complexed state of
the enzyme are not available. A recent crystallpigi@neutron structure has initiated
such research but more it needed for a completeriggsn of the system [73]. On
the other hand a number of studies have investghte conformational dependency
of the DHFR-MTX complex [14, 67, 146]. Recent H/Rckange studies coupled
with Mass Spectroscopy (MS) experiments have repog decrease in structural
fluctuation upon ligand binding [147]. This effenatight shed the light on the
unfavorable character of the entropy term. The @onétional space explore by the
protein atoms is reduced. However our data sehoaexplain why the entropy term
differs between kF and MTX. TheAAS,= 1.3 cal/K/mol is very low and can not be
used to draw a direct conclusion.

Consequently, the main difference between MTX anB 14 its higher affinity
toward the enzyme and this affinity is achievedtly combination of a strongly
favorable binding enthalpy and unfavorable entro@yerall, inhibitors such as
MTX, displaying favorable binding enthalpies do n@quire extreme binding
entropies to achieve high binding affinities. A 8antrend was found with HIV-1
protease inhibitors such as ritonavir and KNI-649]JL These findings can be useful
in drug design since drug screening could be eamilyieved and improved by
introducing flexible segment in the molecules withéowering the affinity toward
their respective target.



Fast proteins dynamics and its correlation to &gtand stability

4. Effect of methotrexate on the thermal stability ofBs
DHFR

4.1 Introduction

Binding of an effector molecule is often the prignastep in biological
reactions. For instance, an enzyme must bind tabstsate to initiate its catalytic
reaction. This association between an enzyme digaad is also often accompanied
with substantial changes in enzyme properties [$rich conformational changes
have been extensively studied and have given osant important number of
concepts. The ‘induced fit' model suggests the rfeedunctional plasticity for the
enzyme active site to accommodate the substrateSjte the three-dimensional
architecture of a protein is often described usinmique model, i.e. static, the spatial
rearrangement upon ligand binding is very intengssiince it must involve a dynamic
process. It is therefore very tempting to correlgpecific movement such as side
chain rotation or loop reorientation to a bindingert. Consequently, if protein
conformational changes and ligand binding have eghia paramount importance in
understanding enzyme kinetics and dynamics, ilSe eelevant in protein stability.
For example the binding of a cofactor has beerctyreorrelated with an increase of
protein stability and folding kinetics [148]. Undatedly, there is a very subtle and
narrow boundary between ligand binding and the dyogrocesses involved in the
folding or unfolding pathways. The ligand couldibdact an initiating signal for the
the onset of original protein properties. Now thesstion is to understand how the

nature of the ligand correlates with structuralrades and or protein stability.

A number of structural techniques are availablericavel this question, such
as X-ray crystallography, NMR or circular dichroisin the first place, we have
assessed the effect of MTX andFHon the DHFR structure and its thermal stability

using the well known spectroscopic technique ot@ar Dichroism (CD).
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4.2 Technigue overview: circular dichroism

As with many biological molecules, proteins possesiral centers. This
confers to the protein an optical activity. Thigperty is exploited by spectroscopic
methods such as CD [149, 150]. Briefly CD is ddlirss non equivalent absorption
of the left-handed and right-handed circularly pakd light. When asymmetric
molecules interact with the beam, they may abssftirircularly polarized (LCP) and
right circularly polarized light (RCP) to differemixtents (figure 23). The result of
this discrepancy is termed circular dichroism amoh e measured in terms of

absorbance:

AA=A-Ar Equation 28

where A and Az are the absorbance of the left and right circylpdlarized light.

By applying the Beer’s law, it can be expressed as:

AA = (g, —eg)*C*I Equation 29

Whereg andegr are the molar extinction coefficient for LCP and R@ght, C the
molar concentration (in M)and | the path lengthdim).

Then we can define the molar circular dichroism

Ae =g —¢€R Equation 30

As shown in figure 23, the ellipticity is defined the anglé whose tangent is the
ratio of the minor and the major axis of the ekips

The ellipticity of polarization is equal to:

tang = R L Equation 31
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where [k and E are the magnitude of the electric field vectorshef right-and left-
circularly polarized light, respectively. Generalihe circular dichroism effect is

small, tand can be therefore approximateddad he ellipticity can be now written as:

0= M(Mj(@j Equation 32
4 T

The linear dependence of the solute concentratiandCpathlength | is removed and

the molar ellipticity becomes:

1006

l61="5

Equation 33

Then combining the last two equations with Beeats,|lthe molar ellipticity becomes

[9] = 10%8(”]—1())(@) Equation 34
4 Tt

For illustration of the CD phenomena see this &déng link
(http://www.enzim.hu/~szia/cdden)o/

In proteins, CD signal arises from optically actg®ups such as backbone
amide bonds, disulfide bonds, aromatic amino asigsh as Phenylalanine (Phe),
Tryptophan (Trp), and Tyrosine (Tyr). In secondatyucture conformations, the
backbone and hence the amide bond chromophoresrareged in regular organized
patterns. In the far ultraviolet region (<250nm)D Gpectroscopy is extremely
sensitive to these patterns and each conformatias gise to characteristic spectral
features. For example;helical proteins have a negative peak at 222 nth288 nm
and a positive peak at 193 nm. Proteins with wefirged anti paralleB-pleated
sheets [§-helices) present a negative peak at 218 nm arwbidéiye peak at 195 nm.
On the other hand disordered proteins present d sfiaticity above 210 nm and a

negative band near 195 nm [149]. A typical CD gspeutfrom a globular protein is
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therefore the sum of all these contributions (sg&4). Therefore, the CD spectrum
c(\) of a protein can be reconstructed as the linearbination of the base spectra

multiplied by the abundance of the respective stinecelements:

n
c(A) = Z fibi(A) Equation 35
i=1

Here, n is the number of secondary structure

components, anfl is the fraction of structure _;\\}
in the protein. E+E lf'l
This direct relationship between protein E .o'j
secondary structure and circular dichroisn/ ""-,_
spectra means that CD is an excellent ," ‘ £
R

spectroscopic technique for studying the
conformation changes due to temperature,

mutations, heat, denaturant or binding

interactions [150]. Although CD is not giving

detailed information on a residue basis such as ,-"
NMR or X-ray crystallography, the real power ,/

of CD resides in the analysis of structuraligure 23.Elliptical polarized
_ . . light is composed of unequal
changes in a protein upon some perturbationg,niributions of right (&) and left

This chapter focuses on the use of CD to follokEL) circular polarized light.
the structural change of the native state of the

enzyme upon MTX binding but also its thermal

stability when it is bound to specific ligand such

as BF and MTX.
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Figure 24. CD spectra of polypeptides
and proteins  with  representative
secondary structure such ahelices §)
B-sheets(f) or random coils.

4.3 Material and Methods

4.3.1. Sample preparation

Bs DHFR was dissolved in potassium phosphate bufférmiM, pH 8,
degassed, and centrifuged at 14000 rpm for 5 mierwve any insoluble particles

from the solution. Protein concentration was esttidy UV spectroscopy using an
absorption coefficieng,go of 25440 L/Mol/cm. Since MTX is a tight binder,vitas

added at a 1/1 molar ratio with respect to the emezyHF was used at a 10 fold
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excess with respect to the enzyme. The concemmtad HF and MTX were
estimated by UV spectroscopy usir@pg> 28000 and&rgg 23250 L/Mol/cm

respectively. Their respective contribution (bel®% of the overall signal) was

subtracted from the CD spectrum.

4.3.2. Thermal unfolding at a single wavelength.

CD experiments were carried out in a Jasco J-8il® avJasco PTC-348WiI
peltier effect temperature controller. Quartz eeh a 1 cm path length with a stir
bar were used for thermal unfolding. Samples weoaitared for helical content by
circular dichroism at 222 nm at an enzyme concéatraof 7 uM in potassium
phosphate buffer of 10 mM pH 7. Thermal denaturetias performed at scan rate of
1 and 2°C/min with a data pitch of 0.2 nm and adwadth of 4 nm; denaturation
behaviour did not vary with the ramp at these dpectes.

4.3.3. Secondary structure estimation and thermal unfoldirgy

Far-ultraviolet (far-UV) spectra were monitoredngsa 0.1 cm quartz cell at
wavelength between 190 and 250 nm. The final spectwas the summation of five
accumulated spectra taken at a scan rate of 10@hinngvery five degrees. The
temperature increment was 1°C/min.

4.3.4. Data processing

Thermal denaturation was analyzed using the progségma plot 10 from
Systat, Inc to calculate alli} values. The relationship between the CD signal
measured at a temperature T, y (T), and the priopoof the unfolded state, %U (T),
is given by the following equation:

%U(T)= [y(T)-yN(T))/ [yU(T)-yN(T)] Equation 36

yn(T) and y(T) are the linear dependency of T of the nativeé anfolded protein in
order to take in account the pre and post depeieent the CD signal on the final
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spectrum [148].Because the reaction was not reversible, the thaynamic
parameters were not determined using the fittinggdure.

Secondary structure estimation was analyzed ubkmdeconvolution software
SOMCD [151]. This method is based on a self orgagizmeural network. The
reference spectra consists of 24 CD spectra takem Yanget al [152].

4.4 Results

Far-UV CD spectra of a protein generally refleittss secondary structure
composition  [149]. The
analysis of the CD spectra
using the SOMCD software
has given an estimate of the

secondary structures content
in the enzymeBs DHFR in

20 Bs DHFR
—— Bs DHFR-MTX

presence or in absence of 0l

MTX. As shown in figure

25, the two spectra are

overlaid. The common

[6] (10°deg cm * dmol ™)

features between the spectra 20|

are a large negative

ellipticity below 205 nm 20

with broad minima between 190200 210 220 230 240 230

205-220 nm. The CD signal

obtained from thé&s DHFR- Figure 25.Far UV spectra of unbouri8s DHFR
(orange line) and MTX complexdds DHFR (grey

line).

Wavelength (nm)

MTX complex presents two
minima at approximately
207 and 218 nm whereas the free enzyme only shaersmonima centered between
208 and 210 nm. Table 5 summarized the characdtsrist these spectra and those
predicted from the X-ray structure of the free eney A large contribution of the
secondary structure elements Bs DHFR is described by random arfdturn

structures which contribute to almost 80 % of therall secondary structure. Other
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secondary structures-helix andp-structures account for ~ 17 % and ~ 35-40 %
respectively. These findings agree well with theedicted value from X-ray
crystallography [56]. Although the two spectra driaplly differ in the 215-225 nm
regions, the additional minimum observed at 222immresence of MTX, typical of
a-helix, seems to have a limited impact on the diesacondary structure
distribution. Their estimation reveals only a stiglecrease i-sheets in favor of
more random anfl-turn conformational elements but according tortlative error,

it seems that these differences are not significant

Secondary structure

Sample a-helix B-sheet Other*
(%) (%) (%)
Bs DHFR 17.4+6.4 41.4+8 41.2+15.2
Bs DHFR-MTX 17.6+£5.1 34.6£9.4 47.9+11.3
DSSP predictio®3s DHFR 22 34 Not given

Table 5.Secondary structure &s DHFR estimated from experimental circular
dichroism data and predicted from X-ray structusmg the DSSP model (database
of secondary structure assignments) [153].

Figure 26 illustrates the melting of secondarydtires over temperature
increase. For the non-complexed enzyme, as theetatype increases, the intensity
of the CD spectrum progressively decreases. The ¢d6<CD signal in the far-Uv
region started at a temperature equal to or ove€ 5&ith the strongest transition
occurring between 60 and 65°C. The overall shaptefgraph remains essentially
unchanged below 65°C. Above this temperature,rttiiali minimum centered at 218
nm is shifted to ~ 208 nm. Finally, heating at 8@4Lised a total loss of ellipticity
and absorbance, suggesting aggregation and pegmpitof the protein. On the other
hand, the spectra of the binary complex betwBebDHFR and MTX denotes a very
different behavior. The temperature effect on tl2 signal is relatively low below
65°C with no change in the minima position (207 248 nm). We clearly observed
a red shift of the initial minima observed at 20% to approximately 220 nm. An

extremely sharp transition reinforcing this obséoraoccurred between 80 and 85
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°C. Heating to 90°C leads to almost a complete &dSSD signal over the observed
region.

40

—35°C
A

——45°C

50°C

——55°C

—60°C

—65°C

\ 70°C

10 ¢

[6] (10 3deg cm? dmol™)

-10

-20

-30
190 200 210 220 230 240 250
Wavelength (nm)

30

[6] (L0*deg cm? dmol™)

190 200 210 220 230 240

Wavelength (nm)

Figure 26. Temperature dependence of the far
ultraviolet CD spectra d8s DHFR (A) and MTX-
Bs DHFR (B). The temperatures are indicated in
the inset.
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We also attempted to fractionate the loss of seagnstructure elements using the
SOMCD method [151]. It seems that the CD changdh wi without MTX were
consistent with loss of most proteirfssheet structure concomitant with an increase
in random structures. However, we have also notdraficant increase in-helix. It
might indicate the limit of the analysis especiadly high temperature where the
protein is actually ‘seen’ as a puréhelix rich protein. The model used could weight
external factors from the unfolding process in¢baformational analysis misleading
the data interpretation.

Because the loss of CD signal was relatively werked at 222 nm, we have
examined the thermal behavior of the enzyme ankiritzry complex with MTX and

H,F at this single wavelength (figure 27).

0.2
0 L .-. -‘f-=-
T1,(°C) :
02
> Bs DHFR 65.720.6 o
)
§_0_4 . BsDHFR HF 68.420.8 ajb c
bt BsDHFR MTX  79.520.7 ‘
S /
N 06
©
g
O .
<-08 r o
1 s
-1.2
45 50 55 60 65 70 75 80 85 90 95

Temperature (T)

Figure 27. Temperature dependence of the CD at 222 nBs&fHFR (a),Bs DHFR-
H.F (b) andBs DHFR-MTX (c). The dots are the raw data and tHelsoe the best fit.
In the inset, the,, values are listed.
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Thermal denaturation of thBs DHFR resulted in the progressive and irreversible
changes in the CD spectra as shown in figure 2¥edd, once the initial melt was
complete, the sample was brought back to 30 degeeerify the folding was
reversible. The spectra before and after couldoratuperimposed indicating that the
protein can not refold once the temperature isgeduThis inability of the protein to
completely renature is the result of either preain or aggregation of the unfolded
form [154]. Only if the melting is fully reversibl¢he melting temperature is directly
related to conformational stability and the thermmmmics of protein folding can be
extracted from the data. In our case, it is mongr@griate to depict a ik since the
melting temperature reflects primarily the kinetafsaggregation and the solubility of
the unfolded form as well as the intrinsic confotior@al stability. Heat denaturation
of E. coli DHFR gave a similar pattern and was found to tevarsible in [155, 156].
Under the experimental condition®s DHFR was denatured at an average
temperature 7, of 65.7°C. The presence of the natural substrate rdsults in a
significant increase of they} by 2.7°C with no change in the unfolding progress
curve. In marked contrast to the heat induced effecthe enzyme and its binary
complex with HF, the presence of MTX has a drastic effect onTthe The T,
value was increased by 13.8 °C reaching the vafugdd °C. This later finding
corroborates well with the heat denaturation temmjpees obtained in binary
complexes with MTX betweerkE. coli and bDHFR (Bovine liver DHFR) in
comparison with the free enzyme. The stabilizaéffact was as much as 14.2 °C and
13.3 °C forE. coli andbDHFR respectively. Interestingly, there was alsdight shift
from the fitted curve and the raw data betweenrtD7%b°C and a steeper transition in
the Ty, region in comparison with the free enzyme andiisiry complex with BF.

It possibly denotes a cooperative effect [157, 16&he unfolding process.

4 5 Discussion

Comparing the secondary structure in the free mezgnd its binary complex
with MTX, we observed a notable change in the Gihal centered around 220 nm,
when MTX binds. As inferred by Hooet al it could reflect some reorganization of

secondary structure on MTX binding but it coulddigo due to far-UV transition of
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MTX itself [159]. However the secondary structurealysis did not yield a
significant difference between the two folds. Stmdd error observed for
spectroscopic techniques such as CD is probablgrakyhe calculated difference
between the uncomplexed and MTX complexed enzyrhe.validity and limitations
of the deconvolution packages such as SOMCD isudssd in [151]. Overall, the
technique, gives accuracies up to 95 %woftrelical content but drop to 50 or 75% for
B structures or mixed structures. Other CD decortigipackages were used such as
DICROPROT [160] andt2d [161] but they gave very similar results withounlging
further information. This ambiguity is noticeablgtioduced by the nature of the
protein reference set used in the statistical amalpr in the strength of the
mathematical model to take in account only the aonétional factors in the
spectroscopic analysis. CD is a low resolution tempie, only a high resolution
technique such as X-ray crystallography could mesathe possible differences.
Similarly, the dissection of the melting of secand structures upon
temperature increase did not yield solid evidemcéhe hierarchy of the unfolding
process. Theoretical studies using MDEreoli DHFR have suggested thahelical
structures unfold prior to thig ‘core’ [162]. Our results disagree with those firgl
but we clearly observed a very distinctive behahetween the two temperature
scans. The red shift observed in the presence oX Milght underlie a different
unfolding pathway. It could reflect the presencealtdérnative structural intermediates
along the unfolding landscape. Additionally, thegbe wavelength denaturation
performed on the MTX binary complex seems to empgbathis hypothesis. The
shoulder prior to the thermal transition might cate a possible non-cooperative
effect in the unfolding process. At this stage yomkry flexible regions of the protein
are unfolding or partially unfolding leading to atérogeneous population of folded
structures [163, 164]. On the other hand when éngperature approaches;,J the
cooperativity which is measured qualitatively bg thidth and shape of the unfolding
transition is steeper in comparison with the fregyene or with its binary complex
with H,F. A calorimetry study also reported an asymmetfryhe melting curve, a
shoulder in the low temperature part of the hedticed transition was observed for
the binary ofE. coli DHFR and MTX [165]. It reflects the melting of East two
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regions of the protein at different temperatures diso it may be indicative of the
unfolding of more compact or well folded structuféne presence of an intermediate
in the unfolding pathway has been previously reggbrior E. coli DHFR [166].
Interestingly, the kinetic cycle also involved wa#fined intermediates. MTX could
therefore bind, induce and stabilize preferentigérticular enzyme conformations
but what are the fundamentals behind the MTX sStadiibn effect?

A ligand such as MTX may have stabilized DHFR agiathermal unfolding
over a variety of mechanisms. The increase therstelility is the result of a
combination of effects such as ligand-protein dpecinteractions and or
conformational changes. One hypothesis explairfieghigh temperature stability of
the MTX-Bs DHFR complex suggests that there are more stabdeactions than in
the free enzyme. The natural substrat€ Hinds to DHFR at the same site as MTX,
however, the stabilization effect is not as effectias when MTX binds. The
difference in their binding constants, and otherdi&s highlight the presence of
different interactions between the enzyme andntsbitor MTX, compared to its
natural substrate [73]. These interactions coulurdaute directly by resisting to the
unfolding process. Using various complexed fornmEotoli andbDHFR with anti-
folate compounds (such as TMP or MTX) and/or thieima cofactor NADPH, Sasso
et al suggested that the main driving force in Eheoli DHFR structure stabilization
originated from hydrophobic contacts [165]. A reicetudy using single molecule
atomic force microscopy further supports this hyests [167]. The DHFR
mechanical stability was found to be increasedhi@ presence of MTX but the
origins of this increased mechanical stability wast discussed. As previously
demonstrated, the binding strength of MTX is thoeders of magnitude higher than
H.F. This discrepancy might be one of the key factorthe unique properties of
stabilization. However, we can also speculate tihetmal fluctuations are involved.
Indeed, thermal unfolding is mainly induced by #w@hanced thermal fluctuations
overcoming the stabilisating forces such as hydrogends and Van der Waals
interactions [168]. Using hydrogen/deuterium exg®iYamamotcet al found that
the binding of ligands such as NADPH,MHor MTX reduce DHFR structural

fluctuations [147]. They also point out that MTX svaxerting the most significant
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effect among the later ligands. In addition acamgdio the X-ray structure, MTX
binding causes a ‘tightening’ &. coli enzyme-a general decrease in the distances
within the molecule [146]. It is therefore very tetimg to conclude that the reduction
of in the amplitude of fluctuations are directlyr@ated to the binding of MTX and
change in thermal stability. However, the rolelatfuations is not fully understood.
In conclusion, in the present study we have obskavpuissant stabilization effect of
MTX toward the thermal unfolding of the enzymBs DHFR. Noteworthy, we should
also see that thermal stability depends on multiptees. The sum of these forces
necessarily implies a global effect. Interestinig binding of MTX is a local event.
Since CD as mainly all spectroscopic technique syae average view of the studied
system, the binding of MTX must have been propabée away from its binding
site to affect the overall stability of the proteid potential chain of connectivity
could be also assigned upon this particular binéwent as inferred by Benkovit

al [45]. The pre-existing equilibrium hypothesis ooid-Wyman-Changeux model
(MWC) have also ‘propagated’ this idea in the fiedfl enzymology and protein
function 40 years ago [31]. The binding of MTX haberefore a deep and complex
impact on the dynamics and structure of the enzytmaight underlie a synergistic

mechanism that could imply cooperativity.
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5. Protein dynamics and stability: the distribution of
atomic fluctuations in thermophilic and mesophilic
dihydrofolate reductase derived wusing €astic
Incoher ent neutron scattering

5.1.Introduction

The structures of enzymes reflect two tendencies that appear opposed. On the
one hand, they must fold into compact, stable structures; on the other hand, they must
be flexible to bind or accommodate a ligand. It appears that there is a trade off
between enzyme stability and enzyme function [17]. Indeed, it has given rise to a

paradigm, that activity and stability are inversely related by internal dynamics; i.e.
Activity O Dynamics (flexibility) O 1/Stability

Consequently, enzymes need to be sufficiently flexible to be catalytically active, but
not so flexible that they readily denature. According to that, thermophilic proteins are
believed to be less flexible, more stable and less active than their mesophilic
counterpart at room temperature. However, the nature of the dynamic requirements
for activity and stability and in particular whether they are the same are unclear. In
this chapter which has been recently published, the relationship between thermal
adaptation and fast protein dynamics (pico-second timescale) is explored by neutron
scattering means. My input in this collaborative work was to provide both enzymes
(E .coli DHFR and Bs DHFR) in 100 mg quantities. | tested the activity of both
enzymes. | prepared the neutron sample, i.e.: bringing the protein to the appropriate
hydration threshold and taking care of the sample holder. | also assisted in the
neutron scattering experiment.
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ABSTRACT Thetemperature dependence of the dynamics of mesephilic and thermophilic dihydrofolate reductase is examined
using elastic incoherent neutron scattering. It is demonstrated that the distribution of atomic displacement amplitudes can be
derived from the elastic scattering data by assuming a (Weibull} functional form that resembles distributions seen in molecular
dynamics simulations. The thermophilic enzyme has a significantly broader distribution than its mesephilic counterpart. Further-
more, although the rate of increase with temperature of the atomic mean-square displacements extracted from the dynamic
structure factor is found to be comparable for both enzymes, the amplitudes are found to be slightly larger for the thermophilic

enzyme. Therefore, these results imply that the thermophilic enzyme is the more flexible of the two.

INTRODUCTION

Protein function is commonly understood to depend both on
the three-dimensional structure and the dynamics of the poly-
peptide chain. Further, it has been proposed that increased
structural stability of proteins arises from increased rigidity,
while increased flexibility may favor higher activity (1-3).

Proteins extracted from mesophilic and thermophilic or-
ganisms are interesting subjects for studying the relationships
between protein structural stability, dynamics, and function
,5). A structural comparison between mesophilic and ther-
mophilic protein homologs has revealed that different protein
families employ different structural mechanisms to adapt to
higher temperatures, with the only systematic rule being an
increase in the number of ion pairs with increasing growth
temperature (6). This suggests that dynamics may play an
important role in thermal stability.

Thermophilic enzymes, which are stable and catalytically
active at higher temperatures than their mesophilic coun-
terparts, have therefore been hypothesized to have higher
rigidity and correspondingly lower activity than their meso-
philic counterparts (7-10). According to this ‘‘corresponding
state”” hypothesis, at moderate temperature the thermophilic
protein is less flexible than its mesophilic counterpart but
both proteins exhibit the same flexibility when compared at
their respective optimal growth temperature. However, some
questions have been raised regarding the inverse relationship
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between activity and stability, as mediated by dynamics (2).
For example, and in contrast to the above-mentioned studies,
a higher structural flexibility on the picosecond timescale has
been measured for a thermostable a-amylase as compared
with its mesophilic counterpart {11,12). Moreover, a study
at moderate temperature of the millisecond-timescale flexi-
bility of rubredoxin from a hyperthermophile organism has
provided no evidence that enhanced conformational rigid-
ity underlies thermal stability (13). These seemingly con-
trasting findings underline the question raised above whether
indeed dynamics plays a key role in the thermal adaptation
of proteins, and whether this dynamics may be timescale-
dependent.

The protein studied here, dihydrofolate reductase (DHFR),
is an enzyme important for cell growth. The structure and
function of DHFR are well characterized, and DHFR from
Escherichia coli {Ec) has become an important model for
investigating the relationship between protein dynamics
and catalytic function (14). Here, the dynamics of DHFR ex-
tracted from mesophilic Ec and from thermophilic Geobacillus
stearothermophilus (Bs) are studied over a physiological
temperatare range (of Ec) on the sub-nanosecond timescale.
Although motions on this timescale do not comprise the
full range required for enzymatic function they are indicative
of global flexibility. DHFR from Ec and Bs show closely
similar overall and secondary structures as is shown in Fig.
1, a and b (15,16). However, the x-ray crystallographic B
(or temperature) factors, which are indicative of equilibrium
structural flexibility and are shown in Fig. 1 ¢, suggest that
BsDHEFR is, on average, more flexible than its mesophilic Ec
counterpart.

The pico- to nanosecond timescale dynamics present in
proteins can be determined using incoherent neutron scat-
tering {INS) (17). INS has been extensively used to study the

doi: 10.1529/biophysj. 107121418
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dynamics of proteins and, in particular, fo characterize the
temperature-dependent change in inferred dynamics that is
often referred to as the dynamical transition {18). Much of the
dynamical transition work has involved the examination of
the elastic incoherent neutron scattering {(EINS) from which
the average atomic mean-square displacements (MSD) can
be derived (19). The physical models used to interpret the
experimental EINS data have been extensively tested using
molecular dynamics simulations. Tt has been shown that
dynamical inhomogeneity in a protein confributes signifi-
cantly to EINS (20-22). Furthermore, diffusive protein mo-
tions and the finite energy resolution of the spectrometer also
influence EINS (23-25). However, a method still commonly
used to extract atornic fluctuations from experimental EINS
data assumes that all atoms have the same, i.e., an average,
fluctuation amplitude. To aveoid using this oversimplified
description, in this report a model based on a distribution
function for the atomic fluctuations is proposed and used to
analyze the experimental EINS data.

METHODS
Sample preparation
Chemicals

Deuterium oxide (D,0, 99.9% and 98%) was purchased from Minipul
(Norell, Landisville, NJ). Reagents and medium components for the purifi-
cation and the analysis of variant DHFRs were purchased from Sigma-
Aldrich (St. Louis, MO) and Merck KgaA (Darmstadt, Germany).

Overexprassion and purification of recombinant Ec
and BsDHFR

Recombinant variants of E<DHFR (provided by Carston R. Wagner, Uni-
versity of Minnesota) and BsDHFR (provided by Judith Klinman, University
of Califormnia at Berkeley) were purified from Ec cells (BL21 (DE3)) bearing
the plasmid encoding for the DHFR pgenes, pTZwil-3 and pET-21a, re-
spectively. The EcDHFR variant was purified by a one-step procedure (26),
using methotrexate affinity chromatography (Sigma, St. Louis, MO). The
BsDHFR enzyme was first partially purified by heat denaturation (incubation
20 min at 55°C) and then subjected to anion exchange chromatography in-
stead of affinity chromatography (27). Afterwards, a final ultrafiltration step
(Amicon concentrator, YM-10 membrane; Amicon Plastics, Houston, TX)
was carried out. Finally, the enzymes were lyophilized and kept at 4°C. Their
purity was assessed by sodium-dodecyl-sulfate gel electrophoresis.

——————————— FIGURE 1
— mesophilic ECDHFR |1
thermophilic BSDHFR

Structural comparison between meso-
philic EcDHFR (solid represeniation) and ther-
mophilic BsDHFR (shaded representation), (@) in
cartoon and (f) in space-filling van der Waals repre-
sentation. (¢) The C,-atom crystallographic B fac-
tors are plotted for both enzymes. The Ec and Bs
structural coordinates and B factors were obtained
from the Protein Data Rank (43) accession codes
2ANQ (16) and 1ZDR (13), respectively. Both
structures were determined at the same temperature,
100 K.

00 150
residue/C, number

Neutron scaftfering sample preparation

The purified protein was dissolved in D»O (purity 98%) and gently stirred at
room temperature overnight to replace the labile hydrogen atoms by deute-
rium and then freeze-dried. The operation was repeated two more times with
higher grade D,O (purity 99.9%) and the sample was then freeze-dried and
stored at 4°C until use. The dry enzyme (113 mg) was mixed into DO (345
mg) as a homogenous highly-concentrated solution (300 mg protein/ml) in
which protein translational and rotational diffusion is likely to be consider-
ably lower than i1 a dilute solution. The samples were then sealed in a flat
aluminum sample holder (dimension 0.4 X 30 X 30 mml).

Neutron scattering, data acquisition,
and processing

The neutron scattering experiments were performed on the IN13 backscat-
tering spectrometer of the Institut Laue-Langevin (ILL) in Grenoble, France.
This spectrometer is sensitive to the g-range 03 A ' =g =55 A~ withan
energy resolution of 8 weV corresponding fo observable motions on the
timescale of 40—100 ps or faster.

Sample containers were mounted on a cryostat and cooled to 280 K at a
rate of —3 K min . Scattering data were taken at 280 K and at intervals of
5 K to 305 K (heating rate +5 K min~!). At each temperature, the scattering
intensity was integrated for 4 h (280 and 285 K) or 5 h (290-303 K) to ensure
sufficient stafistics. The weights of the sample containers were measured
before and after the scaftering experiment to ensure that no sample was lost
during the experiment; no loss was detected.

The raw data were corrected for scaftering of the empty sample container
and pure solvent (D,0), detector response (by using a standard vanadium
sample), and for self-absorption events (by using the transmission of the
sample) using the softwares Capri and Elascan provided by the ILL for IN13
to obtain Sinc(g, 0;T) at various temperatures 7.

Analysis of neutron scattering data

INS provides information on the self-correlations of atomic motions (28).
Due fo their large incoherent scatfering cross-section, the scaftering from
hydrogens (‘H) dominates the EINS from the present samples. For a Gaus-
sian scatterer, the elastic incoherent scattering is given by (29)

1 Ay
Swlgo=0) —dewp (AN},

where ¢ is the momentum transfer of the scattered neutron, (AP =
{[R(z) — R(0)]?) is the time-dependent mean-square displacement (MSD) of
the scatterer on the timescale of the instrument, and A is a constant amplitude.
Note that the time-dependent MSD is related to the stafic thermal afomic
mean-square position fluctuation by (&) — (1/2) lime 0 (Arz}(z)

In a commonly-used method to extract the temperature-dependent atomic
MSD from S, (g, 0), use is made of Eq. 1 and linear regressions are per-
formed on log §i,..(g. 0) plotted agai.ustqz. However, as is shown in Fig. 2, the
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FIGURE 2 Elastic scattering intensity, Si,.(¢, 0) measured at various
temperatures for (¢) EcDHFR and (b) BsDHFR. For clarity, representative
error bars are shown only for the 280 K and 305 K data. Connecting lines
are drawn for convenience and the vertical axes are logarithmic. (¢) The
difference, Apc_psSinc(q, 0) = SE.(g, 0) — SB (g, 0), for each tempera-
ture; the inset shows the integrated difference, 3(7T) = EqAEC,BSSmC(q, 0)
plotted against temperature, 7.

experimental log Si,c(g, 0) data is not linear over the full g*range. This
nonlinearity, which has also been reported in previous studies (18,30-32),
may, in principle, be due to anharmonic motion and/or the presence of dy-
namical inhomogeneity, i.e., a distribution of MSD amplitudes. However, it
has been demonstrated using molecular dynamics simulations that dynamic
inhomogeneity is the major contributor (20,22,33,34). Furthermore, due to
their large abundance in proteins, the (rotational) dynamics of methyl groups
has recently been identified as contributing significantly to this dynamical
inhomogeneity (32,35-38).

Whereas Eq. 1 is not applicable for anharmonic motions, in the case of
dynamical inhomogeneity and assuming that the scattering from individual
atoms can be described by Eq. 1, the observed Sj,.(¢, 0) is given by the sum

Sinc(q, 03 {Aia AT,Z}) == NZ‘G, Aiexp <7% <Ar12>q2> ) (2)
i=1

where Ng is the number of distinct populations of Gaussian scatterers with
MSD (Ar?). A version of Eq. 2 has been used in the literature (30,31,39). to
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perform independent linear regressions to distinct ¢g-regions. For instance, in
Engler et al. (39). the authors used Eq. 2 to fit experimental data taken from
Doster et al. (18) with Ng = 3, but supplied the weights A;. In doing so, the
question arises of which number Ng should be used to yield a physically
meaningful description of the dynamics present while not overfitting the data.
Here, a generalization of Eq. 2 is proposed by using the continuum limit,

Sl 0:A0) =4 [ aar) plcary aexp | g arye .
3)

where p((Ar?);a) is the distribution function of the MSD-amplitudes with a
set of parameters . In a recent molecular dynamics study it has been shown
that the non-Gaussian behavior of the EISF of globular proteins can be well
described using Eq. 3 (22).

A priori, the functional form of p((Arz)) is not known. However, for a
given system, p((Ar2)) can be directly obtained from molecular dynamics
simulation. In Fig. 3, p((Ar2>) is shown derived from an MD simulation of a
globular protein (40). The quantity p({(Ar?)) strongly increases at small
values of {Ar?), has a single maximum at (Ar?) ~ 0.5 A2, and then decreases
with a tail to zero for larger (A7%). Besides this shape description, any
analytical function for p((Arz);a must fulfill two other prerequisites. First,
since (AT?) < 0 is unphysical, p(Ar*> < 0) = 0, thus precluding the use of a
Gaussian distribution. Second, the number of parameters « should be small
enough to allow meaningful fitting and interpretation. Here, a Weibull dis-
tribution was chosen as the functional form, given by (41)

a (Ar\“! Ar\“
ranan) =5(5) eo[-(5) ) @

The parameters « and 8 determine the shape and the scale of the distribution,
respectively. As an example, a fit to the simulated MSD data is also shown in
Fig. 3. Although the height of the peak and the length of the tail in p((Ar2))
are underestimated by the Weibull distribution, the general shape is repro-
duced. Equations 3 and 4 were used to fit the experimental S;,.(¢, 0) in a least-
squares sense,

min Y'[S37(¢,0) — Sine(q, 0;A,a,B)]. ®)
R q

The average root mean-square displacement u,, = +/(Ar?) is then readily
calculated from the distribution parameters (41),
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FIGURE 3 Distribution of atomic mean-square displacements from a mo-
lecular dynamics simulation of crystalline Staphylococcal nuclease calcu-
lated from a 1-ns trajectory and with A7 = 40 ps corresponding to the IN13
energy/time resolution. Simulation details are described elsewhere (40). The
simulation data is fitted using a Weibull distribution, Eq. 4, with the
parameters « = 1.68 and 8 = 1.09.
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MAr:BF(l +$)7 (6)

where I'(-) denotes the y-function. To obtain an estimate of the error in uay,
the fit was performed on 100 subsets of data points, randomly chosen from
the full g-range with weights proportional to the inverse of their statistical
error. Finally, note that for the limit « — oo, the Weibull distribution Eq. 4
converges toward the Dirac distribution, such that the monodisperse Gaus-
sian model is retrieved: With I'(1) = 1, the limits for the mean and variance,
b2, become limy o« py, = BI(1) = B and limy e 02 = limg—w B2,

(re2) () o

respectively. Vanishing variance and normalization 1 are properties of the
Dirac distribution, and it follows that limy .« p(Ar;a,B) = 8(Ar — B).

RESULTS

In Fig. 2 are plotted log Si,(¢, 0) against q* for mesophilic and
thermophilic DHFR at all temperatures studied (280-305 K)
and over the full g-range. For comparison, for each enzyme,
the data are normalized such that for the lowest g-value
Sinc(g® = 0.038 A2, 0) = 1 at all temperatures. With in-
creasing temperature, the average slope in the scattering in-
tensity increases for both samples, indicating an increase with
temperature in the structural flexibility. The difference in
scattering intensity from the Ec and Bs samples at all tem-
peratures is plotted against ¢* in Fig. 2 c. The figure shows a
significant difference in low-g scattering (¢> < 6 A™?),
whereas the differences at larger ¢ are somewhat smaller. The
inset to Fig. 2 ¢ shows that the integrated difference depends
on temperature.

For both DHFR samples and all temperatures, log Si,.(g, 0)
versus ¢~ clearly deviates from linearity (Fig. 2, @ and b),
indicating the presence of anharmonic dynamics and/or dy-
namical inhomogeneity. Here, the analysis is performed as-
suming the validity of the Gaussian approximation but
explicitly considering dynamical inhomogeneity, modeled
by a Weibull distribution for the atomic displacements. The
following analysis utilizes only the elastic scattering data to
study differences in the intramolecular flexibility between
the two enzymes. In principle, translational and rotational
diffusive whole-molecule motions are also present and will
contribute to the elastic intensity in the back-scattering re-
gime (19,42). However, the proteins Ec and BsDHFR have
very similar mass (18.0 kDa and 18.7 kDa, respectively) and
three-dimensional structure/shape (Fig. 1, @ and b), which
determine the whole-molecule diffusive dynamics. There-
fore, differences in the elastic scattering can, to a good
approximation, be attributed to differences in the protein-
internal dynamics.

A realistic description of the elastic scattering within the
framework of the Gaussian approximation is given by Eq. 3.
An example of the analysis of experimental data using the
Weibull model, i.e., Eqs. 3-5, is presented in Fig. 4 and found
to reproduce Sj,.(¢, 0) reasonably well over the full g-range.

4815
T T T T T T T T
10F ]
— - o experimental data| 1
2 r — Weibull fit ]
=) L i
: 8 -
£ 3
=1
S g E
S | b
S [ f )
g | ]
|
0.1F |
C_1 L | n 1 L L L |
0 5 10 15
3-2
q* [A7]

FIGURE 4 Example fit of the Weibull model, Eqgs. 3-5, to the experi-
mental elastic scattering data for thermophilic BsDHFR at 300 K over the
full g-range. The vertical axis is logarithmic.

In particular, the Weibull model provides an excellent fit to
the data for q2 < 6 A2, where log Sinc(g, 0) versus q2 is
strongly nonlinear and the commonly-used analysis method
using only Eq. 1 is inadequate.

Using Eqgs. 3-5, the average RMS-displacements, ua(7)
were determined for both mesophilic Ec and thermophilic
BsDHFR and are shown in Fig. 5. For both enzymes, wa(T)
significantly, and roughly linearly, increases with increasing
temperature, with an approximately equal rate of increase.
The BsDHFR data point at 305 K appears anomalous. If this
point is not considered, the slope of wa(7) is the same for Ec
and BsDHFR, being 0.036 = 0.005 A K™' and 0.037 =
0.004 A K, respectively.

At a given temperature, ua(7) is somewhat larger for
the thermophilic BsDHFR, implying that the thermophilic
enzyme is more flexible than its mesophilic counterpart.
However, ua(T) provides only an average, i.e., an overall
figure that relates to the protein flexibility. In the following,
therefore, the utility of the Weibull model is demonstrated by
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FIGURE 5 Temperature dependence of the average RMS-displacements
ar obtained by fitting the Weibull model, Eqgs. 3-5, to the experimental
EISF data. Error bars denote the standard deviation for 100 fits to data
subsets as described in the text. Lines connecting data points are drawn for
convenience.
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directly visualizing the estimated distributions of atomic
fluctuation amplitudes.

In Fig. 6 are shown the temperature-dependent distribu-
tions, p(Ar) of displacement amplitudes for both enzymes.
The temperature dependence of p(Ar) is similar for both
enzymes. For both systems with increasing temperature the
distribution p(Ar) becomes broader and the maximum shifted
to larger displacement amplitudes. However, this behavior is
significantly stronger for the thermophilic BsDHFR, for
which the distribution pgy(Ar) is significantly broader than
Ppec(Ar). Furthermore the shift of the distribution maximum is
larger for the thermophilic BsDHFR: the maxima for pgg(Ar)
and pg.(Ar) are at 1.6 Aand 1.5 A, respectively, at 280 K but
2.1 A and 1.8 A at 300 K.

Fig. 6 also shows the temperature dependence of the
Weibull fit parameters o and B. The shape parameter « is
similar for both enzymes and decreases with increasing tem-
perature for 7 < 300 K, indicating a longer tail in the distri-
bution, p. The average root mean-square displacement, par,
is only slightly affected by the variation of « in this parameter
range. However, wa, is directly proportional to the scale pa-
rameter 3. The value B is significantly larger for the ther-
mophilic enzyme, indicating that pg; is broader than pg.. For
both enzymes, B increases with increasing temperature. Thus,
while the distributions of atomic fluctuations have approxi-
mately the same shape (determined by «) for both enzymes,
the scale or width (determined by ) is larger for the ther-
mophilic protein. With increasing temperature, the distribu-
tions for both enzymes become longer-tailed, reflecting that
large-scale atomic fluctuations become more likely.
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FIGURE 6 (Top) Fit parameters « and 8 for the Weibull model plotted
against temperature. (Bottom) Average Weibull-distributions of RMS-dis-
placements for mesophilic EcDHFR and thermophilic BsDHFR at 280 K
(solid line), 290 K (dashed line), and 300 K (dotted line). For convenience,
the profiles for BsDHFR are vertically shifted by 0.4.
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DISCUSSION AND CONCLUSION

The sub-nanosecond dynamics of mesophilic and thermo-
philic dihydrofolate reductase are studied here using elastic
incoherent neutron scattering. The scattering data were ana-
lyzed using a model based on the Gaussian approximation
(quasi-harmonic dynamics) that explicitly incorporates dy-
namical inhomogeneity using a distribution of atomic dis-
placement amplitudes. Here, a Weibull function was used to
model this distribution and the experimental scattering data
were well reproduced over the full accessible g-range. In
comparison, the commonly-used analysis method based on
only one average fluctuation amplitude for all atoms, Eq. 1,
typically needs to be restricted to certain g-ranges and, in
particular, is incapable of reproducing S;,.(¢, 0) for the pres-
ent samples at small g.

For mesophilic E. coli DHFR the average RMS-displace-
ments, pwar(T), increase from 1.6 A at280 K t0 2.3 A at 305 K.
Over the temperature range studied here, ua (1) of EcDHFR
increases approximately linearly with temperature. For ther-
mophilic G. stearothermophilus DHFR s (T) increases from
1.8 A at 280 K to 2.6 A at 300 K. The decrease of ua(T) in the
last temperature step at 305 K appears anomalous and may be
erroneous. However, considering the relatively large uncer-
tainty for the 300 K ua-value, a flattening of ua(7) for T <
295 K is also compatible with the experimental data.

A particular advantage of this analysis method, i.e., the
Weibull model, is that the distribution of atomic fluctuation
amplitudes can be estimated. Although the Weibull model
has only two adjustable parameters, the combination of a
power law and an exponential function confers versatility on
the distribution profile. Furthermore, a comparison between
the results for ua(7) and p(T) in Figs. 5 and 6 shows that, due
to the tail in the distribution p, ua, is generally larger than
Ar,.y, i.€., the position of the maximum in p. This also il-
lustrates the difficulty of using only one single value (or
moment) to characterize the distribution of atomic fluctuation
amplitudes. For a strongly skewed p, the average fluctuation
amplitude can be significantly different from the value where
p is maximal. The ambiguity in distinguishing the contribu-
tions of protein-internal and whole-molecule dynamics to the
elastic scattering remains but can, in principle, be alleviated
by exploiting the quasielastic scattering (42). This suggests
an analysis method combining distribution functions for the
amplitudes of internal fluctuations with rigid-body dis-
placements for whole-molecule translation and rotation.

A further finding concerns the shape of the distribution of
atomic displacement amplitudes. These results indicate that
this is broader for the thermophilic enzyme. The significance
of this is that it suggests that a larger proportion of atoms in
the thermophilic enzyme fluctuate with high amplitude. For
example, in the distributions at 290 K, 17% of the atoms in
the thermophilic enzyme fluctuate with Ar > 3.5 A whereas
this value is 4% for the mesophilic species. One can speculate
that this highly-mobile fraction might involve the relatively
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nonstructured loops of the protein, thus preserving a rela-
tively rigid functional core at higher temperatures. This hy-
pothesis is supported by the observation that the offset
between the war(1)-slopes for EcDHFR and 8sDHFR in Fig.
5 is =7 K, whereas their optimal growth temperatures differ
by =15 K. Testing such hypotheses will become possible
with specific deuteration and facilitated by the coming on line
of next-generation neutron sources, such as the Spallation
Neutron Source at Oak Ridge National Laboratory.

Finally, the biological relevance of the results for meso-
philic and thermophilic protein dynamics is addressed. The
importance of protein rigidity for structural stability has been
discussed previously (1-3), but the question arises as to
whether rigidity should refer to smaller displacements or a
smaller change in displacements with increasing temperature.
This report finds the increase in flexibility with increasing
temperature to be similar for both enzymes, whereas the fluc-
tuation amplitudes are found to be slightly larger for the ther-
mophilic enzyme. This suggests that thermophilic BsDHFR is
infrinsically more flexible than its mesophilic counterpart
EcDHFR. The greater flexibility of the thermophilic enzyme
may permit the larger fluctuation amplitudes at higher tem-
peratures to be more easily accommodated within the native
structure. Further studies on different proteins will be required
to ascertain whether this is a general characteristic of meso-
philic and thermophilic counterpart proteins.
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6. Effect of perdeuteration on the thermal stability d Bs
DHFR

6.1 Introduction

Sample preparation, especially for biological nsales can be the bottle
neck of a neutron scattering study. To overcome phoblem, a number of strategies
have been explored. The ability to deuterate Sekdygtbiological molecules has
facilitated the use of neuron scattering technigaeBiology [80]. For instance the
use of contrast variation based on the dramatidtescay difference between
hydrogen and deuterium atoms has a major impad¢hemange of applications of
small angle neutron scattering [169]. The solutonformation of macromolecular
complexes such as viruses [170] or enzymes [17%¢ leegantly highlighted the
power of perdeuteration in structural biology. Gamsently, the number of dedicated
laboratories producing specifically labelled protefor NMR, SANS or incoherent
neutron scattering is growing fast. Although theplaability of deuteration is
unquestionable, the effect of deuteration on livorganism is nevertheless poorly
understood. A deuterium nucleus contains one newral one proton whereas the
hydrogen atom does not contain any neutrons. Deuatebehaves similarly to
ordinary hydrogen, but there are differences (duthé¢ large mass rest of deuterium
atoms) which are larger than the isotopic diffee=nm any other element (see table
6) [172]. The effect of exchanging hydrogens bytdeans is further magnified in
biological systems, which are very sensitive tolsofenges in the solvent properties
of water. For instance, at high concentration, miaes and dogs (over 25% of body
weight) suffer from acute neurological symptomseli hyperplasia, anemia, and
eventually death [173]. On a molecular level, tffeats of H/D exchange is more
tricky. As a solvent BO increases stability of proteins [174-176], on thieer hand
perdeuteration does not affected thermal stabilitgtable proteins whereas proteins
with low denaturation temperatures are profounddgtdbilized by perdeuteration
[177]. In the case of gluthatione S-transferase,déstabilisation effect of side chain
deuterons outweighs the stabilisating effect ofdabiee hydrogen bonding [177]. The
stability of perdeuterated proteins seems therefordepend on a number of factors,

including steric crowding of the transition state, which hydrogens have been
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exchanged especially in hydrophobic regions [1P&rdeuteration can also modify
protein function, it lowers antifreeze activity gfycoproteins [179]. On the other
hand enzymic activities have been reported to Isstipely [177], negatively (this

study) or remain unaffected [180, 181]. Proteirucure is often not modified by
such isotopic replacement but the differences amy gubtle and hard to discern
[182]. However, if there is a recent growing intrim protein labelling for structural
biology there are too few examples on the effecp@fdeuteration (substitution of
non exchangeable carbon-bound H for D atoms) otepratructure and function in
the literature [181].

Property DO H.0
Melting point (C) 3.82 0.00
Boiling point ('C) 101.72 100.0
Density (20°C, g/mL) 1.1056 0.9982
Viscosity (20°C, centipoise) 1.250 1.005
Surface tension (2&, uN-cm) 719.3 719.7
Heat of fusion (cal/mol) 1515 1436
Heat of vaporization (cal/mol) 10864 10515

Table 6. Some physical properties of deuterium oxide and
water (from [173]).

This chapter will assess the consequence of H/ange in the functional
and thermal behaviour of the enzyBe DHFR. As hydrogens can be replaced in
proteins by two ways, it is important to distinduisvo sets of effects in this study.
The first is a ‘solvent isotope effect’ that resuttom the change of solvent from®
to D;O. Only exchangeable hydrogens bound to sulfurogéin or oxygen atoms
(relatively weak for C atoms) will be readily repéml by deuterium in a reversible
(and time dependent) manner when the solvent idrideu oxide. This solvent
isotope effect, often called the ‘primary isotogéee’ [183] will principally affect
hydrogen bonding in proteins and their hydratioallssince DO is more structured
than HO. Secondly the ‘Deuterium Isotope Effect’ (DIE}uéting from the ability of
deuterium to replace H with D in biological molessilat non exchangeable positions.

The replacement of non exchangeable hydrogen teipre obtained by biosynthesis
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in fully deuterated media and is called perdeuimnafThe DIE is usually considered
only in terms of D linkage to C atoms since théskalges are essentially irreversible.
These hydrogens are essentially bound to the caatwms of the protein backbone
and also to the side-chains of amino-acids. Thisrsgary isotope effect [184] will be
studied in both KD and DO solvent.

To follow the effect of perdeuteration and the solvisotope effect on the
thermal stability and activity d8s DHFR, we have used a novel and original model:
The Equilibrium model developed at the UniversityWaikato and University of
Bath [185, 186].

6.2.Technique overview: The ‘Equilibrium’ model
Rates of all reactions, including those catalysgdrizymes, rise with increase

in temperature in accordance with the Arrheniusaéiqa [187].

- AG*
K=Ae RT Equation 37

where K is the kinetic rate constant for the reactiA is the Arrhenius constant, also
known as the frequency factaxGt is the standard free energy of activation (Kj)M
which depends on entropic and enthalpic factorss RRe gas law constant and T is
the absolute temperature. In general, it would te#epable to use enzymes at high
temperatures in order to make use of this increaséel of reaction. However,
enzymes are proteins and undergo essentially msile denaturation (i.e.
conformational alteration entailing a loss of bgitmal activity) at temperatures above
those to which they are ordinarily exposed in tinaitural environmeniThe effect of
temperature has therefore a profound effect onmaazctivity and is often described
by two well-established thermal parameters: the feaergy of activatiom\Gtcy
which describes the effect of temperature on thalytic rate constant antiGHacy
which describes the effect of temperature on tleentll inactivation rate constant.
The so-called 'classical model' assumes a simplestates equilibrium (see diagram

4) between an active and a thermally-denatured 3t§188].
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E act — X Diagram 4

The variation in enzyme activity with temperatunel éime of assay can be described
as in equation 38

Vmax: kcat . [Eo] . e K inact. Equation 38

Where Vihax is the maximum enzyme velocityg.Kis the catalytic constant of the
enzyme; kact is the thermal inactivation constant; oJEis the total enzyme
concentration; and t is the assay duration.

The variation of the two rate constants in equaB®nvith temperature is given by
equation 39 and 40.

_ (AG¢ cat)
Keat = kaT *a RT Equation 39
and
(AGi inact)
keT, VT
Kinact = IB1 *e RT Equation 40

Where k is the Boltzmann’s constant; R is the gas consta@nis the absolute
temperature; andh is the Planck’s constanAG¥.; and AG¥, are the activation
energy of the catalysed reaction and thermal iwaitin process respectively.
However, this model presents some anomalies ase# dot account for the observed
temperature-dependent behaviour of enzymes. Fdanos, at least one study
indicates that enzymes at elevated temperaturé@aome less active over timescales
which seem too short to involve denaturation [189jis behaviour means that the
observed loss of activity can not be directly asded with an irreversible
denaturation process. Indeed, the common grapléaperature optimum: Topt
when the enzyme activity (V) is plot versus tempeea T : V= f(T) (figure 28) is
actually a time dependent parameter, which meapgrarentally, the longer the

assay duration is, lower is Topt and vice versaixggquently, Topt is not an intrinsic

97



Fast proteins dynamics and its correlation to &gtand stability

enzyme property but a mixture of at least two affethe effect of temperature and
time on both enzyme activity and stability.

A
Enzyme
activity

v

Temperature

Figure 28. A schematic diagram showing the effect of theerature on the
activity of an enzyme catalysed reactien--- Long incubation time;—— short
incubation time. Note that the apparent temperatpg#mum varies with the
incubation time

To describe a true temperature optimum, a new mbdsl been developed and
validated [185, 186]. This model namely the ‘Eduilim model' describes a new
mechanism by which enzyme loses activity at highpteratures. This model includes
an extra step in the mechanism where an inactive & the enzyme kundergoes
in a reversible equilibrium with an active formthe enzyme k. (very similar to that
found in protein unfolding model). According to thestulate (see below), this newly

inactived form of the enzyme will irreversibly gothe denatured state X [190, 191].

Keq Kinact
Ea < Einac X Diagram 5
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The mathematical description of the reaction véjoritroduces a new component:
[Eac| and becomes dependent of the equilibrium betwesmtctive and active form

of the enzyme. It can be written as followed:

Vma): kca1 . [Eac1] Equation 41

The concentration of fz and Eyactat any time is defined by:

[Exe] = [Eo] - [X]

Equation 42
1+ Keq

Where Ky is the equilibrium constant between the activeiaadtive form of the

enzyme
| Eacl _
Keq = Equation 43
[Einact}
The variation of K, with temperature is given by equation 38:
IN(Keq) = Aeqf 1 1 Equation 44
R \Teq T

WhereAHgq is the enthalpic change associated with the asive of an active to an
inactive enzyme, K Equilibirum constant, R: gas constanteq Tequilibrium
temperature. This equilibrium includes both revslisy and time-dependent enzyme
inactivation and can be described by an equilibraamstant K, Keqis characterized
in terms of temperature dependence by the enthelpy AHeq and a third thermal
parameter d; which is the temperature at which the concentnaig:and By are
equal (see equation 44)eqIcan be considered as the thermal equivalent of IKm.
addition, we can yield a zero time temperaturenoptn Topt, independent of the
assay duration. Sinceglarises from K, it is independent of enzyme thermostability.
In other words, I reflects a more intrinsic enzyme property albeis inot directly
measurable by experimental means. The overall diepee of enzyme activity on

temperature with time is defined by equation 45.
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AHe 11
Teq T

AGjt inact R
TR )
_ K BT.e .e 4

AHe 1.1
Teq T
R
h| 1+e
_AGicat
RT
KpT.e .En.€
Vmax= B 0
AHed L -1
Teq T
R Equation 45
h| 1+e

This equation is therefore used to derive the patars of interestAG*ca, AGHinact
Teq andAHequsing a data set using thousand of points. Fig@reldws the main
graphical difference for both models, the classicaddel does not present a
temperature optimum at zero time (a) in contrash i), which actually shows an
activity optimum at zero time. Secondly, (b) gives strong evidence of the
inactivation equilibrium has taken place since lwdlthe activity is lost at ~350 K,

without any contribution deriving from thermal démation (zero time).
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(a) (b)
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Figure 29. Comparison of the(a) Equilibrium and (b) Classical models of
temperature dependence of enzyme actiVibe data were simulated usmg parameter
values: (a)AG inac=95 kJ mol*, AG*=75 kJ mol", Te=320 K; (b) AG¥nac=95 kJ
mol ™, AG*..=75 kJ mol*. Note the absence of a temperature optimum attireeoin

the Classmal model [192].

If currently, there is no evidence for the molecukmsis of such a reversible
equilibrium, experimental observations suggested shch interconversion must take
place on a ms scale or faster [193]. To date, tiEsently proposed and
experimentally validated model provides a full dggon of the temperature effect
on enzyme catalytic activity for all 40 or so oktlenzymes to which it has been
applied and for which M.k values can be obtained. Furthermore the equihioriu
model has shown its usefulness in enzyme eurythsmmand thermophily [193].

For a more detailed description see [194, 195]

6.3 Material and Methods

6.3.1. Enzyme perdeuteration

For protein expression in perdeurated media, thenpld encoding the DHFR
gene was subcloned in a pET-24a (Novagen) vectat tonfers kanamycin
resistance. PerdeuteratBd DHFR was expressed . coli BL21 (DE3) competent
cells. Cells were grown in minimal media ENFORS66g/L (NH;)SO,, 1.56 g/L
KH,POy, 6.48 g/L NaHPO,.2H,0, 0.49 g/L diammonium hydrogen citrate, 0.25 g/L
MgSQ,.7H,O, 0.5 mg/L CaCGl2H,0, 16.7 g/LFeGl6H,0, 0.18 g/L ZnSQ7H,0,
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0.16g/L CuSQ. 5H,0, 0.15¢g/L MnSQ.4H,0, 0.18g/L CaCGl6H,0O, 5 g/l glyceroal,
40mg/L Kanamycin. To minimise hydrogen contaminatimineral salts were dried
out in a rotary evaporator (Heidoph) at 333 K aatlullé protons were exchanged for
deuterons by dissolving in pure® (99.8 %) and re-dried. Perdeuteratedylgcerol
(Euriso-Top, France) was used as a carbon souinee $,0 is toxic for most
organisms at high concentratioi, coli cells were therefore adapted to fully
deuterated medium in three steps [196]. Firstlyscelere plated on Luria Bertani
solid medium containing Kanamycin (40 mg/mL). Aaoy was selected and plated
on a solid hydrogenated minimal medium. After ovgih growth, cells were plated
on a partially deuterated medium (v/v 15 %Q). After 24-36 hours a colony was
selected and plated on a v/v 30 % CDmedium. This operation was repeated until
reaching a value of v/v 100 %,0D. Liquid deuterated media minimal medium was
then inoculated with the adapted cells. Typicaly00 mL of deuterated medium was
inoculated with 100 mL preculture of pre-adaptetisca a 3 L fermentor (labfors,
Infors). During the batch and fed-batch phases pHewas adjusted to 6.9 (by
addition of NaOD) and the temperature to 303 K. -&as rate was 0.5 L/min.
Stirring was adjusted to ensure a dissolved oxygaesion (DOT) of 30 %. The fed-
batch phase was initiated when the optical dergi§00 nm reached 6.0gglycerol
was added to the culture to keep the growth ratklestduring fermentation. When
ODsoonm reached 12, DHFR overexpression was induced byadugion of 1 mM
IPTG and incubation continued for 24 hours. Cellrenthen harvested, washed in
100 mM NaCl, 10 mM HEPES (pH 6.8) and stored at ¥93Purification of
perdeuterate®s DHFR was undertaken as described previously [Bfjtein purity
was assessed by SDS-PAGE and molecular weight etasntined by MALDI-TOF
spectrometry.

6.3.2. Determination of protein concentration

Protein concentration was estimated using the Braction [197]. 0.5 mL of
the the unknown protein solution concentration ixed with 2.5 mL of Buiret
reagent. The mix is let to stand for at least 1% mnd no more than an hour.
Absorbance is read at 540 nm and the protein caoratem is determined against the

protein standart curve. Samples are made in duelidde protein standart curve is

102



Fast proteins dynamics and its correlation to &gtand stability

made by varying concentrations of stock standandnigoserum albumine solution
from 1 to 10 mg/mL. The Buiret reagent consist®.86 g of CuS®(5 H,O); 4.89 g
of sodium potassium tartrate; 300 mL of 10 % sodhydroxide. The final solution
is brought to 1 L with distilled water.

6.3.3. Mass spectrometry: MALDI-TOF

MALDI-TOF (Matrix-assisted Laser Desorption lonimat Time-of-Flight)
analyses were performed using a Brucker Autoflex LBMATOF from Daltonik
(Bremen, Germany) in linear mode. Data for sev@rails pulses of the 337 nm
nitrogen laser were averaged for each spectrunac&eleration voltage of 25 kV and
a laser intensity of of approximately 10 % gredten the threshold were used. A
peptide calibration standard mixture (Brucker) mgulin (5734 Da), ubiquitin (8566
Da), cytochrome C (12361 Da) and myoglobin (16959 Was used for external
mass-axis calibration. A saturated solution of gin@ acid in acetonitrile/water
(70:30, v/v) containing 0.1 % TFA (Trifluoroacetiscid) was used as a matrix
solution. The protein (0.5 mg/mL) was mixed withe timatrix solution at 1:10
(sample: matrix, v/v) ratio. The sample/matrix s$iwo (1 pL) was then deposited on
the target plate and air-dried at room temperat8emples were ionized with 100
laser shots and spectra were obtained by summitgast 500 laser shots. Peptide
masses were submitted to an analysis programmec-afl@ysis from Brucker
Daltonik (Bremen, Germany) and molecular weightsreveetermined using a

Savitzky-Golay filter.

6.3.4. Enzyme assays

Bs DHFR activity was measured continuously by follogiithe decrease in
absorbance at 365 nms{= 16700 M™ L cm™) associated with the oxidation of
NADPH and the reduction of dihydrofolate. Standas$ay mixtures used sodium
phosphate buffer 100 mM at pH 8 or pD 8 (usingrtiationship pD= pH +0.4), 800
1M NADPH, H, 500 uM HF andBs DHFR at a concentration of typically ~3 nM.
These substrates concentrations were maintainedLttimes k,to ensuréV max or
near \hax Values were obtained. The reaction was initiatethk addition of 5 pL of
enzyme to a cuvette containing 472.5 pL of bufi® .uL NADPH, H and 12.5 pL
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H>F which has been preincubated 5 min at the ap@i@ptemperature. Assays were
run for 150 s

To analyse the solvent isotope effect, phosphalis svere prior exchanged
three times in PO before use by rotoevaporation. The substratecafattor were
also deuterium exchanged at pD 8 and then lyoglilin presence of 1 mM DTT in
a 100 mM ammonium bicarbonate buffer at pD 7.9. &aded account of the
experimental procedures needed to determine thdiliiqum model parameters is
described in [198].

6.3.5. Data collection

The data were collected on a thermospectronicoseli spectrophotometer
equipped with a thermospectronic™ single cell pelgffect cuvette holder. This
system was networked to a computer installed withioh™ 32 (version 1.25,
Unicam Ltd.) software including the vision enhanaede programme: the time
interval was set so that an absorbance readingolksted every second. Enzymatic
assays were performed at a variety of temperaténas, 25 °C to 85 °C with 5 °C
increments. Reaction progress curves were recondegblicate. The reaction rate for
each assay was determined using Vision32™ Raterddroge and were repeated if

the data deviated by more than 10 %.

6.3.6. Data analysis

Using the values foMGes (80 kJ.mol), AGHnac (95 kJ.mol") AHeq (100
kJ.mol%) and Tq (320 K) as initial parameter estimates [191], ¢ékperimental data
were fitted to the Equilibrium model using a stdnda Matlab® (Version 7.1.0.246
(R14) Service Pack 3, the Mathworks, Inc.) appitgtenabling the facile deviation
of the equilibrium model parameters from a Micr¢®ofOffice excel file of
experimental progress curves (product concentragosus time).

The standard deviation was not included in theetbk it refers to the fit of the data
to the model. Based on the variation between tloévistual triplicate rates from
which the parameters are derived for all the enzyme have assayed thus far, we

have found that the experimental errors in therdgteation of AG*ca; AG*inact and
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Teq are less than 0.5 %, and less than 6 % in therdetation of AHeq For more
details see [198].

6.4 Results

Below, are the results from four sets of experitaerdata aiming at
understanding the effect of perdeuteration on leemal parameters &s DHFR and
also the solvent isotope effect induced by heaviem@able 7). | have only plotted

one graph since the shape was very similar insskis (figure 30).

Enzyme Buffer Topt Teq AGF st AGHFinact AHeq
°C °C kJmol*  kImol®  kImol™t
BsDHFR HO* 64.2 53.3 66.5 97.9 91.9
BsDHFR D,O** 69.4 53.6 66.8 99.3 86.2
dBsDHFR HO* 70.5 55.5 67.9 96.9 90.0
dBsDHFR D,O** 68.4 55 68.4 98.7 91.3

Table 7. Summary of experimentally determined thermodynamic
parameters.*sodium phosphate buffer 100mM pH 8 29,H* deuterated sodium
phosphate buffer 100mM pD 8 inO
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Bacillus stearothermmophilus DHFR

256

Figure 30. 3D plot of temperature dependence Bdcillus stearothermophilus
dihydrofolate reductase activity. This plot wasatesl as described in 'Methods'
from experimental data to fit the equilibrium madel

6.4.1. Teq Topt

The hydrogenate@s DHFR presents ac§ and Topt values of 533C and
64.2° C respectively. A previous study @s DHFR using the same methodology
reported very similar values for,53.9° C and T, 63 ° C [199, 200] In addition
Klinman et al [56] have reported optimum activity values peakatg’5 °C at pH 7
and 65 °C at pH 9. These findings corroborate weallresults and also emphasize the
thermal origin of the source organisna. stearothermophilusis a moderate
thermophilic organism with an optimal growth temgdere of 55 °C. The close value
of Teq and the growth temperature Gf stearothermophilusupports the idedy
which Teqis an excellent parameter to predict the thermairenment of organisms
as proposed in [200].

Teq Shows a dependency by solvent substitution, tmpéeature shift is about
1.5 to 2 C but is unaffected upon solvent substitution. Mall that T, reflects the

reversible equilibrium between the inactive andivactform of the enzyme. An
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increase means a higher ‘buffering effect’ in thé&iconversion & to Bnace AS
perdeuteration consists of exchanging covalentlyndohydrogens to deuterium, it
implies that only the interactions affected by @eoihs are responsible for such shift.
Additionally, it is interesting to note that soltesubstitution does not significantly
affect Teq The HO/D,O substitution primarily affects exchangeable hygams found
thorough the protein structure and solvent. Consetllyy these observations suggest
that the ‘hydrogen-exchangeable’ network, a prassguin normal enzyme structure,
did not modify the equilibrium between the activelanactivated complex. On the
other hand, Topt behaves differently over perdetitan. The Topt value is higher
upon perdeuteration 5 °C, but in the mean time, this effect is anngaipon solvent
substitution. The values remain constant aroundeanmvalue of 68-69 °C. This
compensation over solvent substitution might unéerlcomplex interaction between

the effect of temperature on activity and stahility

642 kcat, AG:!: cat

H,O buffer* D,O buffer**
Enzyme  AGraa  Kat poop M AGTa kK Dfk”
(kImory)  (59) (kImol) (s
BsDHFR 66.5 117 050 66.8 05
dBsDHFR 67.9 69 ' 68.4 58 '

Table 8.Summary of experimentally determin&&* c.;and ka
* Sodium phosphate buffer 100 mM pH 8 ig(H
** Deuterated sodium phosphate buffer 100 mM pb &iO

The perdeuteration systemically lowers the turerawmber of the enzyme
whether a deuterated buffer is used or not. KiaB/kea( ratio between the light and
heavy enzyme is almost constant ~0.5-0.6 at akdeemperatures (see Appendix).
Perdeuteration changes the temperature dependetieerate constants as shown by
AGtq4values. Additionally, solvent substitution impactsarly in this discrepancy. It
accounts for a decrease of 10 to 15 % in thevklues for both enzyme preparations.
These data together with those from the literaturdicate that perdeuteration can

affect negatively the rate of catalysis [201-203)wever, this effect is relatively low
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in comparison of DIE effect which accounts usualser tenfolds difference in rate
[204, 205].

6 43 . AGiinact, t]jz,

H»0O buffer* D,O buffer**
AGjr_inact 1:1/2 AGjr_inact t1/2
Enzyme (k3 mot (s) (k3 mol) s)
BsDHFR 97.9 713 99.3 1189
dBsDHFR 96.9 480 98.7 930

Table 9. Summary of experimentally determinAG* iact and ty, at 323 K. *
sodium phosphate buffer 100 mM pH 8 inb({ ** Deuterated sodium
phosphate buffer 100 mM pD 8 inO

The half-life (t12) of an enzyme is the time it takes for the acfiwt reduce to a half
of the original activity.The deuterated enzyme shows a lower inactivaticrggn
which means a loweg bothin heavy and light water. The perdeuterated enzgme
almost~ 1.5 fold less stable than its protiated equivalékdditionally, using a
deuterated buffer we observed an increasenft1.7 and 1.9 for the hydrogenated
and perdeuterated enzyme respectively. The obs@&ffect is very similar for both

enzymes and reveals a clear stabilisating effeet selvent substitution.

6.4.4. AHeq

AHeq gives the enthalpy change from the active to tfeetive form of the
enzyme. It can be considered as a measure of tis#tigity of the enzyme catalytic
activity to temperatur®ue to the very small amplitude of the differeneesl the
relatively high error introduce by the experimensampling (5%), the values
presented here between perdeuterated and protategme and over solvent
substitution are not considered to be statisticgitipificant. NeverthelesSHeqis in a
guantitative fashion a measure of the enzyme’stalbd function over a broad range
of temperature: eurythermalism [200]. The applmatof the model to 22 enzymes
[200] has allowed to scale upHeq Bs DHFR and alkaline phosphatase fr@os
taurus present the smalleaiHeq over the various enzymes studied. It means Bisat
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DHFR will function at relatively high activity ovex broad range of temperature, i.e.
behaves in a eurythermal manner. Conversely, thdepeation has no effect on this

thermal property.

6.5 Discussion

The first goal of this study was to characterize ¢ffect of perdeuteration @s
DHFR kinetic and temperature dependency prior neutrystallography. We have
obtained significant changes upon deuteration (wlaice commonly believed to be
small) using an original model: the equilibrium nebd

We have observed a lower catalysis efficiency ipon perdeuteration, about
half of the activity is lost in both heavy and lighater buffer. A similar reduction of
the rate of catalysis was reported by Rokepal using a deuterated alkaline
phosphatase [206]. The reasons for this decreasetivity might be widespread
since many factors contribute to enzyme activitgr Faistance, perdeuteration was
reported to change significantly the pKa of catalysidues [207]. Thus, it can led to
a completely new reaction site motif and modify teeognition of substrate, bond
formation and so on. Other studies using gluthati®tranferase reported an increase
of 25 % of the catalytic rate of the enzyme whenutdeum labelled [177].
Cytchrome P450 [181] or Human Arginase | [180] éxhidentical activity upon
perdeuteration. It seems that perdeuteration céectafates of catalysis either
positively or negatively. Consequently, the effettperdeuteration on protein and
enzyme activity is very versatile. The structurad gohysicochemical requirement
implied by the reaction pathway might be the kegnstin this interdependency but
need to be tested over a large number of enzyntassatious kinetic mechanisms.

Teq IS higher upon perdeuteration and it is suggetdele an active site linked
phenomena [185, 192]. If it is clear that,® independent AAG*cs andAGHae, it is
interesting to note that the observed change.dnskaccompanied with a change in
Teq higher Teq with lower k. It might be a coincidence but the inter-relatlups
between these two parameters is intriguing buiag hot been discussed since the
molecular basis of the model is not knowgy kneasures the overall catalytic power
of the enzyme and if it is highly dependent of Hutive site, distal portions of the

enzyme might also participate in the catalysis. tB& other hand ¢ examines
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possible conformational changes at the active aitd more precisely a subtle
equilibrium between an active and inactive fornthef enzyme. A simple hypothesis
would be: A higher I; might reflect a higher resilience (rigidity) ofehsystem
enabling a higher buffering effect betweeg:Bnd B However, the cost of this
stiffening effect would result in a reduceghkinterestingly Tq remains unchanged
over solvent substitution. One explanation is ttie effect is too small to be
measured (less than 5%) or the hydration and wedvork has little influence on
the equilibrium. Stabilizing agent such as glycenas no effect on ¢ Glycerol
protective mechanism is often attributed to a ‘greftial hydration’ of the protein
without modifying its conformation [208]. Overall seems that D and glycerol
enhance the stability of the whole protein rathethe active site. If &y is an active
site parameter then it is normal that the valueaiaeiconstant over solvent isotope
substitution. Interestingly ¢l is related to the fundamental thermodynamic

parameters the enthalpyd.qand entropyASeq as follow:

Equation 46
q

with AGeq = —RTaneq = AHeq— TeqASeq Equation 47

Equations 46 and 47 show unambiguously that amgynd enthalpy compensation
mechanism can explain whyglremains constant over solvent substitution. Such
enthalpy-entropy compensation have been observedamy systems [209]. It has
been suggested that hydration was probably redpgensior the observed
consequence. However to fully understand this pimamon, the dissection of the
energetics behind¢§ is necessary. Important details of the inactivawocess are
certainly impaired. The thermal stability of a m@miot depends generally on the
balance of several factors, including ionic fongH, steric crowding of the transition
state, etc...[82]. In the present study, the meabnGiy . reflects the irreversible
thermal inactivation of the inter-conversion gf.&to X. The perdeuterated enzyme
shows systemically a smalle&fG¥ ... This clearly demonstrates a destabilization
effect due to perdeuteration. Deuterated protenesgenerally less stable against
thermal unfolding [181, 206, 210]. The exchangehef covalently bound hydrogens

by deuterium reduces essentially the hydropholteractions between amino acids
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[210, 211]. Hence, hydrophobic forces are belieteetbe the key stones in protein
stability [178]. A reduction of these stabilisatifayces would invariably decrease the
overall stability of the protein. The destabilizirgfect may be caused by steric
crowding. Hattoriet al [211] suggested that C-D bonds have a lower steric
requirement compared to the C-H bonds. This impéeseduction of the bond
vibration amplitude which diminishes the steric stpaints for forming the activated
complex and therefore diminishes the activatiorrgnéor the thermal unfolding of
the protein to occur. With the present model we rm@inprobe in the strictest sense if
the protein is globally unfolded or tends to forggeegates. However it has been
argued than intermolecular contacts between sidenshare more pronounced in
perdeutrated proteins. The side chains become tmgdeophobic and less bulky
which facilitate aggregation [212]. Non-specific ioappropriate interactions would
result in a whole destabilizing effect of the enbtam In contrast, the solvent
substitution outweighs the destabilizing effecpefdeuteration. It is well known that
protein in QO buffer show a higher thermal stability than ipCH[105, 174-176]
This is curious at first glance since proteins havelved in protonated environment
but the explanation of this apparent contradiciginSubstitution of HO by DO
affects only the exchangeable hydrogens which fim@nhydrogen bonds in proteins.
Hydrogen bonds are strengthened by deuteratiorecafutheir larger mass rest that
leads to lower vibration frequencies, respectivelyer bond energy for the donator-
D bond (peptide N-D) compared to the donator-H bgagtide N-H). This facilitates
the bonding to the acceptor atom (peptide C-O).s€quently, it is predicted that
hydrophobic bonds involving non polar side chaihprotein will be slightly stronger
in D,O than HO [178]. For proteins, it leads to stronger hydnatbonds a lower
solubility of apolar group which favours hydrophobiinteractions [105].
Accordingly, the native structure of the proteirlwe better maintained in J® than
H,O. To understand the energetics behind this staliiig effect, a thermodynamic
analysis is required. It has been undertaken ioraber of studies using calorimetry
[213], enzyme kinetics [174] or analytical centgétion [178]. As deuterium bonds
are somewhat stronger than hydrogen bonds, itnetllbe surprising to find larger

enthalpy values for the inactivation process OOthan HO. Accordingly if the
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enthalpy changes, the entropy term is also expeotbd changed too. Conversely, as

described by the following equilibrium

Keq Kinact
E act I N E inact ) X Diagram 5

The critical step at whichyic undergoes the irreversible denaturation to stateuxt
be energetically more demanding thag:E0 Enace The dissection of the energy
involved in both conversions would undoubtedly feice the relevance of the
equilibrium not only in enzymology but overall inrgbein thermal stability.
Biophysical means such as calorimetry, circulathiism or fluorescence would
certainly help to initiate the first step.

In conclusion, the Equilibrium model has been sssftdly applied in this
study. It has yielded a number of significant diieces in the thermal and functional
behaviour of the deuterium labelled and non labe@HFR. As presented in the
introduction, the major application of perdeutetlaggroteins is ‘structural’. It is
actually a tool aimed at resolving atomic structioyeneutron crystallography, SANS
or NMR. This particular application may have led & common idea that
perdeuteration is not invasive as the differenog®ims of structures are very subtle
and difficult to draw (depending on the resolutsirell). However, differences exist
and are not easy to predict. The methodology usedgithis particular study allows
and required the presence of the substrates anprasiucts (i.e., physiological
conditions) and may have also magnified the eff€eir data with those from the
literature indicate that, the physicochemical props between protonated and
perdeuterated proteins can be quite different [181). If in general it is not easy to
draw a common pattern, the thermal behaviour ared dblvent isotope effect
observed agreed well with a number of studies [118L, 210, 211, 213, 214].
However the effect on enzyme activity was quitepsging, being large in
comparison with other studies which tend to favautimited effect on protein
activity [177, 181, 207]. These findings might icalie either a specific case whis
DHFR or ability of the model to emphasize smalfeténces which are thought to be
small. The effect of perdeuteration and or solveabstitution is maybe more

complex or magnified when the effect of temperatsiiavestigated in parallel.
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It is also interesting to note the lack of evidemrethe molecular basis of the
equilibrium between L and B Although there is no currently no evidence of
connecting protein dynamics to the molecular ba$ishe equilibrium, there is a
strong correlation between protein stability andt@n dynamics. Thus we might
expect a change in protein dynamics maybe localsedhe active site when
temperature is raised or approachegs The debate of how global and active site
protein dynamics patrticipate in protein functionsidl unravelled. Interestingly a
recent study using-chymotrypsin has concluded conformational dynangitshe
active site have a distinct connection with theyemz functionality [215]. It is very
tempting to include d; in this scheme. ¢, is considered as the thermal equivalent of
Km so it is intrinsically a measure of the energeiie®lve in the transition state. Teq
could be an informative probe of active site dyreameflecting their connection to
temperature (i.e. activation energy). This hypathegeds to be tested but actually
the bottleneck is coming from the timescale anc¢smavered by the instruments. In
this quest, there may be role for perdeuteratetejpr® as an indirect informative
probe. Selective deuteration of active site resdomy shed the light if g is an
active site phenomenum without the requirementst &cquisition methods such as
stop flow in combination with laser temperature pumevices [216]. Techniques
using the kinetic isotope effect (induced by tHeelang of at least one of the reactant
in enzyme reaction) have been extremely powerfutleétail enzyme mechanisms
[217]. The perspectives of heavy water and dewgdrabbmpounds are therefore
widespread and also extended to physiological,mpaenlogical and also drug design
[173].
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7. Preparation of samples for neutron crystallography
and protein perdeuteration

7.1 Introduction

One of the subsidary goals of this thesis is tomnalize the tremendous power
of MTX. Here the proposal is to use X-ray crystgtlaphy and neutron
crystallography in combination with the ITC datadiotain a comprehensive picture
of the energetic and architecture that govern tieXNDHFR complex. This chapter
will summarize the actions that have been takeprépare samples for X-ray and
neutron experiments, including efforts to obtailystals and to effectively fully
deuterate the enzynigs DHFR.

Although this chapter does not provide the full alggion of the atomic
structure of the MTX-DHFR complex (refined struayra number of preliminary
results have been obtained. Technical parts sugbraein perdeuteration, crystal
genesis are described. The reason why the X-ratate has not been entirely
refined is primarily financial. This work as theuten experiment, planned originally
at the end of this year, 2008, have been thergfostponed. | have done this work
with the help of Dr Suzanna Teixeira, ILL, Grenolf#e has introduced me to all the
aspects of protein crystallization and data calecat the ESRF, Grenoble. | have
grown and successfully obtained crystals. The siracrefinement was made by
myself under her supervision and kindly advice.

The catalytic mechanism and ligand binding of DHIERstill a matter of
controversy. Indeed previous evidence from X-rays@llography, NMR, UV/VIS
difference, and fluorescence spectra suggest liealNi atom of MTX is protonated
and, thus, positively charged when bound to DHFR 1®, 218-220]. The binding of
MTX in the DHFR active site is such that the N1natis within 2.6-2.7 A of the 62
of Asp27. It has been suggested that the oriemtatidhe pteridin ring is flipped over
a 180° rotation about the C6-C9 bond as comparehketdolate and bF [218]. The
close proximity of N1 (MTX) when bound to Asp27 lbexylate group (DHFR)
strongly suggests an electrostatic interactionsipbsa salt bridge (please see figures
9-11 for additional details on the DHFR/MTX complemd interaction). In contrast a



recent study using molecular dynamics suggestsitsa27 is protonated whereas the
N1 of MTX is not [221]. The interaction is suggest® be neutral dipole-dipole
rather than ionic. In order to resolve the presamtroversy that represents a gap in
our understanding of DHFR’s catalytic mechanism bgahd binding, a number of
structural studies have been initiated. Structursights on an atomic scale can be
explored with a number of techniques such as Xagstallography. However,
hydrogen atoms interact weakly with X-rays, causamgpbiguities in their accurate
positioning upon electron density maps. On therotla@d neutron crystallography is
well suited for resolving the position of hydrogatoms in macromolecules [222]. It
can resolve the position of hydrogen atoms, es|hedize deuterium isotope at a
moderate resolution (at 2.5-2.0 A and beyond) [228pvertheless, neutron
crystallography has a number of disadvantages.réteement of the structure and
phasing need a model which is often determined bgyXcrystallography. The first
step is therefore to obtain the X-ray structure dhdn move to the neutron
experiment. In addition, because of the weak flaregated by spallation or reactor
sources, crystal volume needs to be sufficientihhio get sufficient signal to shorten
the time needed for the data collection. For instanrystal volume of 1 mhis often

a pre-requisite for a neutron structure and tha datlection is generally operated
over 15 days (LADI, ILL, Grenoble). Another disadtage of neutron
crystallography is that hydrogen nuclei have a rgjfrancoherent component.
Hydrogen atoms appear as negative peaks in nedensity maps and impair the
signal by ‘cancelling’ positive neutron scatterifigm the atoms to which they are
covalently bound like carbon or nitrogen. This peobb can be overcome and the
signal to noise ratio improved by exchanging hyeérogtoms (H; M= 1.0063 Da) by
deuterium (D; M= 2.0126 Da). This can be done kgksay or growing the crystal in
D,O based buffer. In this case, only chemically exgeable hydrogens (such as
hydrogen bound to amino, hydroxyl and carboxylateugs) would be replaced by
deuterons. Another way is to express the protefs. icoli cells grown in RO based
media. This latter process is called perdeuteraiahhas the advantage to replace all
the hydrogens by deuterons even at chemically mohamngeable positions such as

hydrogens bound to aliphatic or aromatic carbonfD lxchange in proteins



significantly reduces the background of neutroradatllection, due to deuterium
positive and coherent scattering behaviour.

7.2 Technique overview: X-ray crystallography

X-ray crystallography is a method used to resolwe three-dimensional
structure of a molecule or complex of molecules3]2Z his is done through the
interpretation of the characteristic diffractionttpan obtained when a crystal of such
a compound is irradiated with X-rays of a certaivelength, under specific
experimental conditions.

X-ray crystallography has proven its significancghwthe determination of
keystone mechanisms in enzymology, chemistry andiph [224]. The structure of a
macromolecule contains vital informations on itsndiion. There is a tight
relationship between structure and function, atynawels, in all living organism.
We can therefore understand or predict the praggedi an increasing number of
compounds with this technique. The range of appdinahas increased tremendously
with instrument development and new sources opegriognd the world.

The following pages will introduce to the main asgeof the theory of X-ray
scattering. Additionally the description of the meds used in crystal genesis, data

collection and refinement process will be given.

7.2.1. Crystallization theory

7.2.1.1.Protein crystallization

Obtaining crystals is currently the bottleneck inrotpin structure
determination by X-ray crystallography [225]. Theosh frequently used
crystallization methods are the vapour diffusion &#me dialysis technique. The first
technique is usually aimed at defining the crystation conditions, and the
screening can be carried out relatively rapidlytiAthe development of nano-drop
robots, hundreds of conditions can be tested warday. The second technique using
dialysis buttons is less frequent in lab routinéibis very useful when large crystals
are needed for neutron experiments. We have us@dtéchniques to obtain large,
well diffracting crystals.



Crystallization is not a trivial and fully undersib process. It is still a semi
empirical process often described as ‘an art’ eliterature [226]. Crystallization is a
fine equilibrium between a fluid and solid phaseagfiven material. It depends and
can be influenced by a high number of interdepenganables difficult to control
such as temperature, ionic strength, pressure,ritigs) etc. The interplay between
these various ‘actors’ make crystallization verympéex and hard to predict. In
contrast, the fundaments behind the process oftatligation can be simply

illustrated by figure 31.
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Figure 31. A schematic diagram of a typical solubility curf&om www-
structmed.cimr.cam.ac.uk).

This schematical picture shows a typical solubitityve for a macromolecule
to be crystallized. Nucleation is achieved withheit increasing the molecule or
precipitant concentration. The plot can be divid®d four main phases: Above the
solubility curve there is the so called metastabbme, where supersaturation is
achieved. Nucleation does not occur here, as amgbarrier needs to be overcome
for protein/protein contact to occur (figure 32)t Aigher concentrations (either
protein or crystallizing agent) the nucleation zohegins, and therefore the
crystallization process. Ideally, when a few nu@e present, crystals start to grow

and the concentration of the protein in solutioartst to decrease, reaching the



metastable zone. If the concentrations are incdeaiee protein will start to

precipitate and eventually lead to phase separation

Specific
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Figure 32. Energy diagram for crystallization (from www-
structmed.cimr.cam.ac.uk).

Crystallographers have found ways to rationalizes tharticular work: statistical
approaches based on the experimentally resolvedactstes [227] or specific
screening methods. Crystallization usually begnsdreening over a wide range of
conditions until preliminary conditions are detened. The refinement of the primary
conditions will operate as a fine tuning, enablihg production of optimal crystals.
This process can take from days, to months or geans. Several techniques have
been developed to crystallize proteins with a Ibattatrol of the variable at stake,
reproducibility, efficiency, and cost in terms effoand samples. By far the most
popular are the vapour diffusion methods which ¢ali concentrate the sample
slowly through vapor diffusion. The two most welidwn variants of this technique
are the hanging drop and the sitting drop. The araotecule is usually placed in a
drop containing a buffer and one or more salts. diwp is equilibrated against a
reservoir containing one or more molecules suctPB& (Polyethylene Glycol),
MPD (methyl 1-2, 4-pentanediol) These act as pietipg agents and the
spontaneous diffusion of water vapour from the diwfhe reservoir will concentrate
the macromolecule in the drop, which ultimatelylvidrm nucleation sites. These

methods are easy to set up, relatively cheap ana #ile fast screening of a large



number of conditions. However, they usually reqarlrge amount of sample. The

representation of the apparatus needed for thesatogms is given by figure 33.

A protein 2ul + B ,
reservoir 2yl  coverslip & grease grease & coverslip (or tape)

protein 2ul+ .0
reservoir 2ul

Figure 33. Schematical representation of the two variantshefvapour diffusion
method. (A) corresponds to the hanging drop metiwbdreas (B) illustrates the
sitting drop method (from www.kenividilaseris.wordps.com).

Others strategies make the use of different tecksigsuch as the batch method,
liquid-liquid diffusion methods, dialysis method¥he batch method brings the
macromolecule to the nucleation zone when the systeoves slowly from the
supersaturation zone to the metatasble zone. Téibad requires a relatively small
amount of the macromolecule and other reagentsdyuains less successful than
vapour diffusion. In liquid-liquid diffusion methadthe macromolecule is slowly
mixed with the precipitating solution by diffusiohen capillaries are used, gels
create barriers between solutions thus slowing diwemprocess. This usually creates
a concentration gradient itself intiating the natilen process. This method requires a
considerable amount of material but produces largstals that can be easily and
directly tested for diffraction. Dialysis methodseasomewhat interesting as they
allow a slow change of the precipitating solutidrhis method is often used in
dialysis buttons sealed with a permeable membraite & defined cut off. The
advantages of this technique are of particular mamece when the macromolecule is
not stable if sudden changes are made in the digat@n buffer. It could also allow
the diffusion of any molecules at any stage ofdhstallization. This is particularly
useful when one wants to add a specific ligandnterszyme or add a cryo protecting

solution with minimal damage to the crystal. In éidd because of the large volume



of the buttons (50 to 200 pL) large crystals canobtined which is an asset for
neutron crystallography.

Besides these common techniques, a number of $abtore to be taken into
account for the optimization of the crystals. Fostance, the drop size, the
temperature, the speed of diffusion, etc, couldehastrong influence on the results.
If a ‘good looking’ or promising crystal is obtaohéhe next step is to test their
diffracting pattern.

7.2.2. X-ray scattering and crystals

A crystal is a periodic solid with an internal orelé structure, made of the
repetition of building locks called a ‘unit celh three dimensions [223]. The unit cell
can be described by the length of its edges (adbca and the angles between them
(by conventionu is the angle between b and3ds the angle between a and ¢s the
angle a and b). A crystal structure can be madwiofitive or multiple unit cells but
certain conventions have been established to db&lehoice. The unit cell should be
of the smallest for which, the vector coincides hwidirection of the highest
symmetry. A symmetry operation is an operation tbabh be performed either
physically or imaginatively that results in no chgann the appearance of an object.
For crystals the symmetry is internal and if eadit gell can be represented by a
single point, the result is called a crystal l&tiavhich is an imaginary three-
dimensional arrangement of points such that the wea given direction from each
point in this lattice is identical to the view inet same direction from any other lattice
point. The convolution of the structural motif atiee crystal lattice will detail the
entire crystal structure.

The defining property of a crystal is its inhersginmetry, by which we mean
that under certain operations the crystal remanthanged. Depending on the type of
unit cell, there are seven possible crystal syst&@ngstal systems are a grouping of

crystal structures according to the axial systemedusto describe their



lattice. Each crystal system consists of a sehiet axes in a particular geometrical
arrangement. The simplest and most symmetric, ub& dor isometric) system, has
the symmetry of a cube, that is, it exhibits fdureefold rotational axes oriented at
109.5 degrees (the tetrahedral angle) with respmatach other. The other six
systems, in order of decreasing symmetry, are lemagtetragonal, rhombohedral
(also known as trigonal), orthorhombic, monocliind triclinic. Combining the
various possible lattice centerings with the dgfdr crystal systems defines the
Bravais lattices. They describe the geometric gearent of the lattice points, and
thereby the translational symmetry of the crystalthree dimensions, there are 14
unique Bravais lattices which are distinct from omeother in the translational
symmetry they contain. Symmetry operations in astaly are not limited to
translation, other types of symmetry are foundation, reflection and inversion. The
crystallographic point group or crystal class defmathematically the different group
of symmetry enumerated earlier. There are 32 plessitystal classes, classified into
one of the seven crystal systems. The result obauny the 14 Bravais lattices with
the 32 point groups and translational symmetryd@land screw axes) define the
space group of the crystal structure. There are di8finct space groups but for
proteins this number is lower, as only L amino-aaidcur naturally and because of
the chirality ofa-helices. In fact, any symmetry operation that wloahange the
handedness of the structure is not allowed (miplanes, inversion centers). The
same thing can be said about DNA with its heli¢alcdure. This leaves 65 possible
space groups for biological molecules [223].

7.3 Diffraction
7.3.1. Bragg’'s Law

The scattering of electrons, X-rays and neutronsriggtals can be described
as a reflection of the beams at planes of atonic@aplanes). If the incident plane
wave hits the crystal at an arbitrary angle, therference of the reflected waves can
be either destructive or constructive. For a camsive interference to occur, the path
difference between the two incident and the scadteraves, which is 2d€$in has to
be an integer numbef wavelengths (k). For this case, the Bragg law then gives the

relation between interplanar distance d and diffoacangled:



N\ = 2dsird Equation 48

When X-rays strike a crystal they will be diffradtehen and only when, this equation
is satisfied (figure 34).

Figure 34. Schematic representation of a crystal latticedbldots correspond to the
lattice point) with a distanceng between the lattice plan®.is the angle of reflection.

(from www.microscopy.ethz.ch/bragg.htm).

7.3.2. Notions of reciprocal lattice

The crystal lattice describes the internal crystaicture but does not provide
information on the detailed arrangement of atomthiwia unit cell. The main
guestion is: How do we know the relationship betwt® crystal and the diffraction
pattern that we will obtain from it?

In this case it is often easier to think of therdiftion experiment with respect
to a reciprocal lattice rather than the crystdidatplane. The concept of reciprocal
lattice was proposed by Josiah Willard Gibbs in 4.8§328] and introduced in
crystallography by Ewald in 1921 [229]. The reciablattice is constructed from the
spacing between the crystal lattice plangs th the reciprocal lattice the point hkl is
drawn at a distance }jgfrom the origin and in the direction of the pergienlar
between the lattice planes. The concept of recifyrbas already appeared intuitively
in Bragg’'s law. It is clear that dinis proportional to 1/d. It is therefore easier to

convert 1/d to a reciprocal d* that will have aedir relationship to sth For this



reason it is more convenient to describe scatteohg(-rays by a crystal in an
imaginary lattice called the reciprocal lattice.eTiteciprocal lattice is constructed on
the a*, b* c* axis derived from the (direct) crgstlattice axis so that a* is
perpendicular to b and ¢, b* is perpendicular tind ¢ and c* is perpendicular to b

and a.

7.3.3. The Ewald sphere

The Ewald sphere is a geometrical description offradition which
encompasses both the Bragg’s law and the Laueiegsatt was initially proposed
by P.P. Ewald [229] In the Ewald construction (gkeaee figure 35) a circle with a

Diffracted beam

Inf:.i_gent

beam o
Origin of the
reciprocal
lattice

Crystal at
the centre
of the sphere

Reflecting sphere

Figure 35. The construction of an Ewald circle, radiug, Mith the crystal at the
center C. $ and S are the incident wave vector and scatteradewector
respectively.

radius proportional to 1/with the crystal as is drawn. The Ewald constarcti
provides a geometrical relationship between thentation of the crystal and the
direction of the X-ray beams diffracted by it. Tdvantage of this description is that
it allows the determination of which Bragg reflects will be observed knowing the
orientation of the crystal with respect to the dasit beam. As the crystal is rotated,
So is its crystal lattice and thus also the reagptdattice. If during the rotation of the

crystal a reciprocal lattice point (hkl) intersette sphere, Bragg's law is satisfied.



The result is a reflection in the directiop #ith values of h, k, | corresponding both

to the values of the reciprocal lattice point aodthe crystal lattice planes.

7.3.4. Structure factors and electron density: the phasernpblem

Previously we have seen how to obtain a diffractiattern. The question
arising now is: how do we get from the diffractidata to a model of the actual

protein structure?

The X-ray diffraction pattern of a crystal is maafea multitude of spots with
various intensities. If we measure the intensiéied the position of reflections, we
would in principle determine the geometry of thgstal lattice (driven by the spatial
arrangement of the spots) and the arrangemenbofsatvithin one unit cell (given by
the intensities). With the symmetry operations iegblby the direct lattice, the entire
crystal structure will be solved with only one cdlhe intensities recorded on an X-

ray detector during data-collection can be expikase
| = K|F|*(Lp)(Abs) Equation 49

Where F is the structure factor, K is a scale we@tecessary to bring all reflections
into the same scale), Lp is a geometric correctjoombination of geometric
corrections-shape, orientation and compositiorhefdrystal), Abs is a correction due
to absorption effects. This intensity is proporibto the square of the structure
factor amplitude|Fw|. A structure factor describes the way in which &omaor
group of atoms scatter X-rays. The structure faEgqr for a reflectionhk,| itself is a

complex number derived as follows :
Fae =2 fi-exdzm(hxj +kx; +1x; )] Equation 50
=1

fi is the scattering factor of atom and h, k, | the three indices of the
corresponding reflection. Of particular importansdhe exponential which appears
as a complex number witRy,z the fractional coordinates of each atom in the

summation. There is an imaginary component thaliepp the phase componeant:



of the structure factor. The real importance o$ thissing component is signified in

the electron density) equation, whichs described as a Fourier series:
o(x,y,2)= Vl DS Ful-exp = 27mi(hx + kx + Ix = ay ) Equation 51
h k |

Where|Fhkl| is the amplitude of the structure factor, V is ttodume of the
unit cell, i is the imaginary part of the complex number apgis the phase of the
reflection hkl.As seen in equation 45, the electron density isesged as a function
of structure factors. We are transformingiaverse space into a reat direct space
(the electron density at a rgabint X,y,z in space). This transformation is aeterr
and in principle complete but several parameteesirie be determined to calculate
the real structure. Particularly, we need the cemmtructure factorg but we
know only their magnitudelFn|. Indeed, we know only the absolute value
(magnitude) of the complex structure factayy But not its phasegng. To fully
characterize the electron density, the phase amoigleach reflectionony must be
known. However, it can not be measured directlis dalled the ‘phase problem’ in
crystallography. A number of methods have beenbbsteed to solve this problem

and will be described next.

7.3.5. Methods to solve the structure

Because we can not measure the phase directly, ave b deduce it
indirectly. There are a number approaches followowg general methods (that can
be used either separately or combined): direct oasth Molecular Replacement
(MR), Isomorphous Replacement (IR) and Multiwavgi&nAnomalous Dispersion
(MAD). Selection between different techniques aetineen different programs is a
very important step for protein structure solutidany structures were never been
solved due to mistakes in structure solution praogdwhich in fact ruins all protein

crystallography experiments.

7.3.5.1.Direct methods

The argument that phase information is lost indifaction process is not

totally correct. The phase problem can be solveecty from the experimental data:



|F| values. The direct methods basis [230] explois tonditions. Firstly, the
scattering density must be a positive real numberzé¢ro) as the probability to find
an electron at a position (x,y,z) can not be nggatsecondly, the electron density
maps should have high values near atomic positmhzaro elsewhere else. If these
two conditions are satisfied then the correct valuey. would appear in the Fourier
series. Herb Hauptman and Jerome Karle won the IN&tee in chemistry (1985)
owing to their pioneering and outstanding contitmg on direct methods. At
present, direct methods are the preferred methodplf@sing crystals of small
molecules having up to 1000 atoms in the asymmeinit. However, they are

generally not appropriate for larger molecules sasproteins [230, 231].

7.3.5.2.Molecular replacement

This is by far the most popular method to solvdagirostructure and the basic
ideas were described by Michael G. Rossman anddDMvBlow in 1962 [230, 232].
The principle is quite simple, as you need to pllaeemodel structure in the correct
orientation and position in the unknown unit cdlb orient a molecule you need to
specify three rotation angles and to place it euhit cell you need to specify three
translational parameters. The molecular replacenpeoblem is therefore a 6-
dimensional problem but to minimize time and poweris separated in two
independent searches. So, it became two three-diorenl problems. A rotation
function can be computed to find the three rotatmmgles, and then the oriented
model can be placed in the cell with a 3D transtafunction. Molecular replacement
(MR) commonly used a structurally related model fpartion) of the unknown
structure in the crystal. As a rule of thumb, MRuiges a model that shares at least
40 % sequence identity with the unknown structitréecomes progressively more
difficult as the model becomes less complete oresh&ess sequence identity. The
first step in MR is to calculate the Patterson nfap both, the models and the
unknown structure. The Patterson function was ¢htoed by A. Lindo Patterson in
1934 [233]. It is a Fourier synthesis that does meojuire phase information. It is
usually defined as:

P(uvw) = \% Z|F(hk|)|2 cod27(hu + kv + lw)| Equation 52
hki



Where (u v w) is a vector from a position X, y,ozanother x + u, y + v, z + w. The
Patterson map gives information on the orientatiba molecule of known structure
in the unit cell. It is therefore very useful fasgitioning the unknown structure in the
new unit cell. First a rotation function is usedassess the degree of agreement or
coincidence between the two Patterson function feach model, i.e.if peaks overlap
in the two maps. Once the orientation of the mdee@idetermined it is necessary to
position the molecule with respect of the crysgiéphic axes. A translation function
is therefore used to find the translation necessarynove the correctly oriented
molecule in the unit cell. The solutions are fownden the differences between the
observed and calculated positions are minimal.

There are a number of different MR methods, alledifig in the rotation and
translation function used. For instance AMoRe (mé#ted Molecular replacement
package, [234]) screens the superposition of thigel®an maps in a particular
volume of the unit cell. However AMoRe requiresighhhomology between the two
structures. It also often fails when there are iplgtcopies of the model inside the
unit cell. To overcome this problem, alternative MRethods using different
maximum likelihood algorithms were introduced. MRograms such as Refmac
[235], MOLREP [236] or Phaser [237]. Maximum likadiod is a statistical method
used for fitting a mathematical model to some ditacrystallography it means that
the likelihood of the model given the data is defiras the probability of the data
given the model. It asserts that the best modeherevidence of the data is the one
that explains what has in fact been observed \highhighest probability [238]. The
introduction of maximum likelihood estimators intbe methods of refinement,
experimental phasing and, with Phaser, has sultgrincreased success rates for
structure solution [237]. However, in case of DNKR methods show their
limitations. Elongated molecule or stacked struesuare non trivial and are usually

approximated with errors.

7.3.5.3.Isomorphous replacement
This method derives the relative phase by compathey intensities of
corresponding Bragg reflections from two or mom@msrphous crystals (the crystal

possesses the atom arrangement but differs intdmi@number of one or more



atoms). The derivatives are prepared by soakingctiystal of a sample to be
analyzed with a heavy atom solution or co-crydatlon with the heavy atom. A
dataset of the native structure is collected alonth at least one heavy-atom
derivative. The interpretation of the Pattersorfedénce map reveals the heavy
atom's location in the unit cell. This allows baotle amplitude and the phase of the
atom to be determined. Since the structure fadttheoheavy atom derivative (Fph)
of the crystal is the vector sum of the lone heatgm (Fh) and the native crystal

(Fp), the phase of the native Fp and Fph vectardeasolved geometrically.
Fn=F,+F, Equation 53

At least two isomorphous derivatives must be evatlidbut the more derivatives
available the more accurate the phase determinatitbrbe. Multiple Isomorphous

replacements are among the most successful meftoplsasing.

7.3.5.4.Multiwavelenght Anomalous Dispersion (MAD)

The MAD technique is conceptually similar to then®rphous replacement
methods. It uses only one crystal, which contammnzlous scatterer atoms (Se, Hg,
Fe, Pt, U). Anomalous dispersion will occur whee tafractive index of the radiation
changes when absorbed. So by changing the wavbklaigthe X-rays, you can
change the degree to which the anomalous scatteeetgrb the diffraction pattern
and therefore there will be a phase change. Thas@shift in anomalous scattering
leads to a breakdown of Friedel's lawf |-h-k-1.0nk= -onk) Which is shown in the
complex scattering factor of the anomalous atdi, ().

Fanome T + AF | +iIAF] Equation 54

anom=

Wherei:\/—_l, f.

; Is the normal scattering factor of atgnand Afj', iAf are the
perturbed scattering factor of the anomalous seatie They will vary with the
wavelength of the incident radiation. Thecontribution of the anomalous scatterer
will be determined by collecting data at severav@engths, two near the absorption

edge of the anomalous element in the crystal amdforiher away. From this, you



can obtain phase information analogous to thatiomédafrom MIR. The MAD
technique has become very popular in protein citggg@aphy with the development

of tuneable synchrotron sources and protein engeen@elenomethionine labeling).

7.3.5.5.Fitting and refinement

Whatever the method chosen to obtain the phasdhamdfore the structure,
now the second phase is to build an optimal moah fthe measured data. Indeed
the phase information is usually not accurate,sstheé electron density map. As a
result, the initial model contains a lot of err@rsd needs to be modified. The first
phase is the fitting process which involves a nunab&umerical and graphical steps
testing the overall agreement between the expetaheand calculated data.
Basically, it uses software such as Coot [239] d24D]. First, the initial model is
modified to fit the electron density maps. Diffetiahmaps such as: ¢f=Fca9 and
(2Robs Fealg) (see equations 49 and 50) are usually compargdahically fit the first

model.
pobs(xyz) - pcalc(xyz) = thl (Fobs - Fcalc)eXF(i qacalc)exp(zn.(hx + ky + |Z))

Equation 55
Where® is the phasedssand F,c are the observed and calculated structure factors.
The residual map defined by equation 49 indicates much different is the model
compared to the observed structure factors. Fdanee, a positive peak would
definitively imply a lack of atoms in the model aod the other hand a negative peak
will sign an atom misplacement in the model. A setonap is used to judge the
imperfections of the model, it is a linear combioatof the electron density map and

the previous differential map defined by equatiOn 5
2p0bS(XyZ) - pcalc(xyz) = th (2F0bs - Fcalc)exdi q”calc)exdzn-(hx + ky + |Z))

Equation 56
An atomic model can never be perfect, but it cannberoved a great deal by a
process called: refinement, in which the atomic ehad adjusted to improve the
agreement with the measured data. Basically, thetegly uses the addition of
"observations" in the form of restraints, or coastr of the model by reducing the

number of parameters. Typical restraints includedolengths, bond angles and van



der Waals contact distances. They derive from Hhiggolution models and use
softwares such as Refmac or SHELX [237, 241]. Q= dther hand, constraints
aimed at reducing the number of parameters. Ftare, constraining the model can
be made by fixing the torsion angle, as rigid baatythe number of copies present in
the asymmetric unit.

7.3.5.6.Validation tools

To validate the model, we need to know the ovaatluracy of the model.
There are a few common validation tools and otlefficients to guide the search
and hopefully find the best solution. The solutians then compared through the use

of correlation coefficient (CC{ss Fea) defined as:

< FopsFearc ~ < Fobs>< Fcalc>>

e P P~ {Fu)

CC(Fype: Feae) = Equation 57

The correlation coefficient betweenpfFand FEac must be over 0.9. The correlation
coefficient is a measure of the similarity betwabe structure factors calculated
directly from the structural model and one caledatfrom experimental data.
Another popular tool is the R-factor £R). Several types of R-factors have been
defined [242, 243], all based in the simple prifeipf comparing measured or
theoretical values and calculated variables. legia crude measure of the correctness

of the structure and data quality. It is defined as

Rt = th' |F°bSF_ Fcalc|

hkl = obs

Equation 58

The R-factor for macromolecules should be equdladow 20 % depending on the
data quality. Imprecise structures have higher d®sfa (over 25 %). At moderate
resolutions, it is possible to overfit the dataisThroblem can be circumvented by
introducing an analog of the R-factor, thgeR The Ree IS based on a test set

consisting of a small percentage (usualfy-10%) of reflections excluded from a



structure refinement.separate a subset of the (dataally around 5%) [244]. It is
defined as:

_ Zfree I:obs - Fcalc|

free —

R

Equation 59

hkl FObS

If Riee drops, then the model must really have improvezhbsge there is no pressure
to overfit Rree. Riree iS Very relevant to keep the model objective ispext with the
experimental data. R values for macromolecules are usually around 26 38 %.

Analysing the quality of the model also involveset types of tools. Those
validation coefficients used are model based. Hwtance, the well known
Ramachandran plot [245, 246] for protein is oftesedi to compare average or
behaviour pattern from a protein database withnéhwe structure. A typical example,
is the program Procheck [247] which checks theestdremical quality of a protein
structure by examining torsion angles between vesidand/or side chains. Other
methods such as Profile from Eisenberg’s group J[248ects if the model does not
present anomalies. It basically peforms a ‘thregidiong the peptide chain to find
polar or hydrophobic regions. If a hydrophobic cggis solvent exposed, this will
result in an unfavourable environments for amindsand therefore the model must

contain errors.

In conclusion the success of an atomic model ignofudged through a
number of crystallographic indices such ascRRiee, Or wWhether it satisfies
validation methods. However if the accuracy of th@del has greatly improved over
the last 30 years, the structure determination fodher physical methods such as
NMR often disagree with X-ray models. There ar# atnumber of biases conferred
for instance by the crystallization process, datéection or modelling. At present,

improvement must be aimed at converging those mdstfar structure determination.



7.3.6. Data collection

Data collection is the next step after crystallmat X-ray data collection is a
time consuming procedure and is very expensiveordect prediction of the strategy
of data collection is crucial. The crystal needsb&placed in front of a radiation
source and a very important part of this proceghasgeometry of the experiment.
Correct alignment of the crystal with controlledation allow the completeness on

the final data set, improve signal/noise ratio eettlice radiation damage [223].

7.3.6.1.Crystal mounting

Protein Crystallography deals sometimes with citgstout 0.1 mm in size. It
must be mounted for data collection on a goniometérs apparatus allows the
crystal to be rotated around different axes withowving away from the beam.
Several devices have been engineered to obtairkemma of degree of freedom. In
the past, it was common to mount a crystal in agtaapillary but if this method is
still used for room temperature experiment, it re@nsiderable practice and
delicate handling of the crystal. Nowadays, the tneosnmon methods use loops in
cryo conditions. The crystal is maintained in aoepyotecting liquor inside the loop
and then flash cooled in a stream of nitrogen gasraperature of 100-120 K.The
advantages of the technique are numerous; includithgction of radiation damage to
the crystal, and improvement of the resolution Ish€kyo-crystallography has
therefore tremendously enhanced the quality anduamof results possible [249].
More recently automatic mounting devices are afsglafor high throughput
crystallography. This expands the number of cabest that can be made in a

relatively short period of time.

7.3.6.2.X-ray sources
Discovered by Rontgen in 1895, X-rays are radiatbonthe 10 to 0.001

nanometers range of wavelengths (energies in tigeera20 eV to 120 keV). X-rays
have many well-known applications in medicine (cgglaphy, radiotherapy) but they
can also be used to reveal important informatiorstictural sciences since their
wavelengths are in the same order of magnitudeod bengths. X-rays are produced

from heavy elements when their electrons make itians between the lower atomic



energy levels. This occurs when a beam of electvatis sufficient energy knocks
out an electron atom’s inner K shell. This vacandly be quickly filled by electrons
dropping down from higher levels, emitting X-raysttwa sharply defined energy.
There are different ways to produce X-rays, somecgsses used X-ray tubes,
rotating anode and other synchrotrons. X-ray tubegotating anodes typically
involves bombarding a metal target with high speéectrons which have been
accelerated by tens to hundreds of kilovolts ofeptél. The X-ray radiation
produces in these cases can be used in crystgllogtaut their intensity limits the
resolution shell to the Angstrom range. For instarice copper anode which is often
used in the studies of macromolecules presentieatywavelength defined by Cyk
1.5418 A. The achievable resolution is not suffitiéor high resolution structural
studies. These X-ray sources have been challengeyrizhrotron facilities (please
see figure 36). Synchrotron radiation was firstesbied in 1947 [250] and began to
be used as a research tool in the mid-1960s. Sgtmohs are based on the principle
that an accelerated electron emits radiation ip@rton to its energy. Indeed, when

an electron is accelerated close to the light ¥gloit emits photons and X-rays.

Figure 36. Photo of the European synchrotron radiation itgcisituated in the
Grenoble, France. The ESRF is a third generatioctsptron and one of the three
most powerful synchrotrons in the world.

In synchrotron facilities, electrons are emitted &y electron gun and are first
accelerated in a linear accelerator (linac). Afemde they are transmitted to a circular

accelerator (booster synchrotron) where they acelaated to reach an energy level



of 6 billion electron-volts (6 GeV). These high-emeelectrons are then injected into
a large storage ring (844 metres in circumferendbeaESRF) where they circulate
in a vacuum environment. The storage ring is mada beries of magnets separated
by straight sections. The bending magnets mairtteenelectron in their trajectory
(circular orbit) and as the electrons are defle¢tkedugh the magnetic field created

by the magnets. They give off electromagnetic tamhiathat leaves the storage ring

.r:; fﬂ"'ﬂ

Figure 37. General diagram of a synchrotron. 1 is the abactyun, 2 is the linac, 3 is

the booster ring, 4 is the storage ring, 5 the @@mn6 end station. The synchrotron
emits a "synchrotron radiation"”, especially X-raylsese are sent into the various
beamlines (the straight lines branching out of Syachrotron). Each beamline

contains scientific instruments, experiments etwd &eceives an intense beam of
radiation ( from http://www.synchrotron.vic.gov.au)

through beam ports in a direction tangential torihg where experimental hutches
have been designed (see figure 37). Because ealsctomse energy during their
rotation, other type of magnets are found in thaight section of the storage ring.

These insertion device magnets create a periodieleration. There are two main

Figure 38 Schematic representation of a wiggler (from
http://www.synchrotron.vic.gov.au).



classes of insertion devices namely: wigglers (8g88) and undulators (figure 39).
Wigglers deflect the particle beam from side toesid a ‘wiggling’ way. The
radiation emitted is a broad beam of incoherentlsatron light and can feed several
beamlines at the same time. As the cones of lightsuperimpose on each other the
intensity is increased at each bend. Undulatorsaaneultipole wiggler but with a
moderate magnetic fields and a large number ofspdieser together. In this respect,
the poles produce less deflection of the electreemb This results in a narrow beam
of coherent synchrotron light, with certain freqaies amplified by up to 10,000

times.

Figure 39. Schematic representation of an undulator (from
http://www.synchrotron.vic.gov.au).

The advantages of synchrotron radiations are neltip

High brightness: synchrotron light is extremely intense (hundreds of
thousands of times more intense than that from eatmonal x-ray tubes) and
highly collimated.

Wide energy spectrum:synchrotron light is emitted with energies ranging
from infrared light to hard x-rays.

Tunable: it is possible to obtain an intense beam of amgcsed wavelength.

Highly polarised: the synchrotron emits highly polarised radiatiwhjch can
be linear, circular or elliptical.

Emitted in very short pulses:pulses emitted are typically less than a nano-
second (a billionth of a second), enabling timeshesd studies.



Nowadays, synchrotron facilities are in the soeghlthird generation. The
main advances made from the first and second g@meraynchrotron came
essentially from bending magnets and insertion asvi Third generation
synchrotrons aim at optimising the intensity thah doe obtained from insertion
devices and uses the three different types of lighiirces (bending magnets,
multipole wigglers and undulators). These third egation synchrotrons have been
optimized not only in their architecture but alaaérms of sample facility, wet lab at
the ESRF, automated crystal loading (see millenripgrade program at the ESRF),
etc. A fourth generation synchrotron exists witkemsities four to nine orders of
magnitude higher than the current ones but thevaelse to crystallography is

guestionable [251].

7.3.6.3.Detectors

A diffraction pattern presents thousands or eveliams of intensities for
separated reflections and there is no such thirgy@erfect detector: each design has
its virtues and problems. Diffractometers have bezmbsolete due to their poor
resolution and sensitivity to radiation damage [25#ea detectors have gained

popularity in X-ray crystallography. There are f@ammon types of area detectors:

Film-based detectors
Image plate
Charged Coupled Device (CCD)

Multi-wire detectors

Film based detectors used photographic film buheféhe resolution is very
high, they have become obsolete due to their cubtine consuming efforts. Image
plates have replaced them. Image plates are made pbfotostimulable phosphor
matrix. When the plate is exposed to X-rays thegenes temporarily stored in the
phosphor coating. After exposure the image is mady the laser head which scans
across the plate radially as the plate rotates.pldéte may be immediately erased and
re-used. There are different image plate desigpsriing on the size, the shape, the
laser used, etc. Image plates present a major \disgabe since the immediate

processing of the diffraction spots is not possifdlee introduction of gas-filled



ionization chambers (multi-wire detectors) or imagéensifiers (video based or
Charged Coupled devices-CCD) have overcome thiblgm A CCD detector is
composed of a phosphor screen (up to thousand) riimat converts X-rays into
visible light. The phosphor screen is usually cedpto the CCD with a tapered
optical fiber. A CCD chip collects the electron a@image. This electric charge is
read out and digitized in order to transfer to¢benputer. The pixel size is about 10-
50 um with readout times of less than 1 s. CCD afete generally show high
signal/noise ratio and a good dynamic range. They carrently the “standard”
detector technology in macromolecular crystallogsapiowever they are expensive,
too small and require correction for image distori. Improved CCD array systems
are being made: better phosphors, reduction of trel@c noise, increased
multiplexing of parallel readout (to increase speeahd increased numbers of

modules (to increase size).

7.4 Material and methods
7.4.1. Protein perdeuteration, purification and enzyme assay

The same procedure as described in chapter 2.4s2 applied to obtain
hydrogenatedBs DHFR and 6.3.1 for fully perdeuteratd8s DHFR. Specific
activities of Bacillus stearothermophilus dihydrofolate reductase were measured
continuously by following the decrease in absorkaat 340 nm using a molar
extinction coefficient okss= 12300 M™ L cm™* [116]. The standard assay mixtures
contain sodium phosphate buffer 100 mM at pH 8adixed concentration of
NADPH (100 pM) and kF (50uM). The final enzyme concentration was typically ~
0.3 nM. The reaction was initiated by the additadril pL of enzyme to the reaction
mixture (469 uL), pre-incubated 2 min at a temperabf 30°C. Assays were run for
60 seconds using a thermospectronic hefigpectrophotometer interfaced with the
Vision™ 32 software (version 1.25, Unicam Ltd.).aR&on progress curves were
recorded in triplicate and repeated if the dataate\by more than 10 %. One unit of
enzyme is defined as that amount of the enzymecdialyzes the conversion of 1

micro mole of substrate per minute under the prev@ssay conditions.



7.4.2. Protein crystallization

The MTX-Bs DHFR binary complex was crystallized using thediag drop
method vapor diffusion method at 291 K and an aatarsystem for crystallization
using a robot to set up 96-well crystallizationteta Initial crystallization trials were
performed using 0.2 M Tris (pH 7.4) and 1.75 M amium sulfate. As MTX is not
soluble at high concentrations, the protein anddihg were incubated for several
minutes at relatively low concentration 1mg/ml wéahprotein/MTX ratio of 1/2 at
room temperature. After complexation the proteinaamtration was increased up to
15 mg/ml with a Centricon YM10 membrane filtratidavice (Millipore, MA, USA).
Crystals were grown by mixing equal volumes (10 of the protein/ MTX complex
and reservoir buffer. Crystal appeared in two dayd grew to full size within a
week. Before X-ray exposure, a cryoprotecting sofutvas made by adding glycerol
to the mother liquor to a final concentration of @0 Crystals were mounted onto

loops and frozen in liquid nitrogen prior to datdlection.

7.4.3. X-ray data collection and structure refinement

Diffraction data were collected on the ID14-EH1 inéae of the ESRF,
Grenoble, France which is equipped with a two @lyshonochromator and a
Quantum 210 CCD detector. A wavelength of 0.984was used together with
oscillations of 0.5 °. Crystal to detector distamzas set at 1024 mm. Crystals were
cryocooled in a stream of nitrogen to minimize atidn damage (100 K). A total of
360 frames were recorded. Data were indexed, iatedgrand scaled with Mosflm
software package on the basis of a centered odhudrit space group4 with the
following dimension a= 123.82 A, b= 156.23 A, ¢=9153 A witha =p =y = 90".
Molecular replacement was performed using the masimikelihood software
Phaser. A molecular solution was found usBgyDHFR (PDB entry 1ZDR) as a
search model, with non conserved residues mutatathhine. There are 8 molecules
in the asymmetric unit corresponding to a solvemtent of 57.6 %. Molecular
packing of alternative solutions was checked manuaing the program Coot based
on FopsFcac andFopsFcac €lectron density maps. Solvent building was dosiagy
the program ARP/WARP [253] from the CCP4 package ARP/WARP refinement



cycles were run in total. Atoms were removed ifolell.0 sigma in Bops—Fcac map

and atoms added if above 3 sigmab jpsFcaic map.

7.5Results
7.5.1. Protein perdeuteration

7.5.1.1.Production

The aim of this work was to produce reliably andramically a fully
deuterated form oBs DHFR. In order to achieve this goal the prepamtal
deuterium resistant bacterial strain is necessay @erformed by a multi-stage
adaptation process by plating on a solid deutenaiednal media and repeated liquid
deuterium cell culture (with increasing® content). When the strain is adapted to
the growth in deuterated media with glycerol asdble source of carbon, the second
step is to obtained a high cell density culture QM. The ‘batch fed batch’
technique is a suitable method to control the gnonate of the adapted strain and to
minimize inhibition from the by products of the HCEand obtain a large amount of
recombinant protein. The growth rate is generallydr than in hydrogenated media
but the final yield in terms of biomass will be essgally the same. HCDCs are
generally obtained in bioreactor also called ferrmen These present a number of
advantages, noticeably in their ability to consivhultaneously pH, oxygen pressure,
temperature, feeding. In figure 40, the fermentatpofile of theE. coli cells
expressing th®&s DHFR gene is given. The different phases of ttech fed batch’
culture are delimited and the respective parametach as OB, PQ, pH, are
shown. The inoculation of the culture media mahkshieginning of the batch culture.
A short latency phase is observed with a diminigh?@, lower pH, and increased
stirring. During this phase the cells are usingdheerol present in the initial media
and will reach their maximum growth rate (exponati ODso0 follows an
exponential law. The second phase, ‘fed batchhitmted when the POand stirring
reach a critical value. It indicates a change m rietabolism of the cell, the carbon
source glycerol becomes limiting, and the cellst$taexploit other compounds such
as lactate or acetate. To avoid a stationary plgigeerol is added to the culture
media during the ‘fed batch’. During this step ttpowth rate is controlled and
remains linear. This step is sub-optimal but lintite formation of toxic by products.



The last phase induced by the addition of IPTQates the protein expression. The
glycerol feeding is stopped as the protein producis not greatly limited by the
energy demands of the cells. The biomass doesnuogase significantly which
shows that cell division has ceased. From 50 graintg glycerol (99 % deuterated
glycerol) 45 grams of cell were obtained. PerdetéstBs DHFR was readily
expressed, yielding approximately 8 mg of protegr gram of cell paste. In
comparison, the unlabeled enzyme is produced ahd @f protein per gram of cell
paste. The two-step purification protocol consggtaf: heat precipitation and cation
exchange chromatography yielded typically 150 m@urke protein/L of culture. As
implied by by table 10, the protein purificatiorcfar is low ~ 4 which indicates a
relatively high level of enzyme in the cell supgam compared with other proteins.
The purified protein is pure as assessed by SDSHAl€ctrophoresis (a single band
of approximately 19 kDa in lane 1, figure 41).

7.5.1.2.Characterization by MALDI-TOF

MALDI-TOF mass spectra indicate (see figure 42} th@ molecular weight
(My) of unlabeled protein is 18697 Da and perdeutdrptetein 19740 Da in #D
(figure 43). For reference, the theoretical molacweight of unlabele@&s DHFR is
18695 Da [56] and that of perdeuteraBsIDHFR is 19724 Da (including only non-
exchangeable). The theoretical number of exchahgégdrogens is 1315

The extent of deuteration can be determined usieddilowing equation:

M,, Pe -M.. Hvdr
% Deuteration = ( w B w MY EXp)
(M w I:)e[i'heo -M WHydrTheo)

x100 Equation 59

Where My Peky, is the experimental molecular weight of the petdeted DHFR,
Hydrey, is the experimental molecular weight of the hy@mated DHFR, M Pé€fneo

is the theoretical molecular weight of the perdmatssl DHFR and M Hydrrheo is

the theoretical molecular weight of the hydrogedddHFR. From these data, the
extent of perdeuteration is 101 % indicating thett all exchangeable deuterons are
substituted in the protein sample when soaked 40.HA similar observation was
made by Di Costanzet al [180] where the deuterium enrichment exceeded the

calculated value (105 %).
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Figure 40. Fermentation profile oE. coli cells in deuterated Enfors minimal media. The patte decomposed in three distinct
phases: The batch phase where the growth ratexisnuian; the fed batch phase which marks the addafoglycerol to the growth
media and finally the induction phase where theginas over-expressed. The X axis correspondsrte.t
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Figure 41 SDS-PAGE gel oBs DHFR purification. (1) is the collected fractioof
pureBs DHFR, (2) and (3) is the molecular weight ladded &s correspondence in
kDa. (4) is a cell extract before induction, (5aisell extract after induction and (6)
is the heat treated supernatant.

Protein Enzyme
Fraction Protein Specific Total vield Purification
Step volume concentration (mg) activity (units) (%) factor
(mL) (mg/mL) 9 (unitsimg ° (fold)
Cell extract 200 7.5 1500 1.2x%0 1.9x18 100 1
Heat
denaturation 200 4.5 900 1.9xf0 1.7x18 90 1.5
Anion
exchange 100 2.8 280 4.6xf0 1.3x18 68 3.8

Table 10. Bs DHFR purification table summary. The cell massdusas 30 grams.
One unit of enzyn is defined as that amount of the enzyme that yzgal the
conversion of Zmicro mole of substrate per minute under our assagitions.

The back exchange between hydrogen and deuteriuthynamic process, largely
favorable, occurring spontaneously in a well-hyémated environment. However,
some deuterons are so deeply embedded in the rprstieicture that their solvent
access is very limited. To test this possibilityeqomcubation of the perdeuterated
protein in mild denaturing conditions would certgirhelp to exchange those
deuterons [177]. Nevertheless, our data indica ttie protein is deuterated at an

appropriate level and therefore suitable for ciyigiion and X-ray analysis.
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Figure 42 MALDI mass spectra of hydrogenatdes DHFR. The main peak
corresponds to av/Z of 18697.
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Figure 43. MALDI mass spectra of perdeuterat® DHFR. The main peak
corresponds to avZ of 19740.




7.5.2. Crystallization

A previous crystallographic study has determineel $tructure of the free
enzyme [56]. We have therefore crystallized the MBXDHFR complex over
relatively similar conditions (figure 44). Crystabtained in A and B were relatively
large, for instance, using the conditions descriine(B), the approximate volume is
0.4x0.7x0.2=0.06 mfh However we found that the most appropriate chystar
crystal diffraction were obtained using a soluteamtaining 0.1 M HEPES; pH = 7.0
; 1.6 M (NH,)2SO,. These crystals were the most resistant to the-prgtecting
process. Indeed, the crystals in (A) and (B) tem@rack when the cryo-protecting
solution was added to the mother liquor. This ielatively common consequence
when the crystal volume is large. A second probmmes from the presence of
(NH4).SOy in the precipitating solution. When flashed cool@d,),SO, salt crystals
grow rapidly impairing the data collection. To cirovent these problems, we have
therefore worked with the relatively small crystalown in (C).

/:) &

Figure 44. Crystals ofBs DHFR. Crystals shown in (A) were obtained usingy Bl
NaCl ; 0.1 M HEPES ; pH =7.5; 1.6 M (MHSQ,, in (B) the precipitating solution
used was 1.0 M (NpLSOy; 0.1 M HEPES ; pH = 7.0 ; 0.5 %w/v PEG 8000 and
crystals presented in (C) were grown using 0.1 MPHE ; pH = 7.0 ; 1.6 M
(NH4)2SOy. The bar gives the scale in mm.

7.5.3. Preliminary X-ray structure

7.5.3.1.Data processing

After X-ray exposure, we have obtained via the C@ddector a diffraction
pattern (figure 45). This map, made of hundredpaits, contains all the information
to solve the structure of the MTBs DHFR complex. The current diffraction pattern



show well defined spot, not overlapping. Mosaid#tya useful indice to examine the
degree of long-range order of the unit cell withircrystal. The mosaicity is 0.434
which indicates a well behaved crystal (mosaicstygénerally between 0.2 for well
diffracting crystals to 1.5 for badly behaving dals such as thin plates, or damage
by cryo cooling). The resolution range achievalgieoading to this image is expected
to be not less than 24 since the spots are going beyond the most outwiacte
corresponding to a resolution shell of 245 The set of native data is therefore
promising for structure determination. Howeversttwo-dimensional map needs to
be converted into a three dimensional model. Tratesly used during data collection
was based on the rotation oscillation method. Assalt the full data set consists of

360 separate images taken at different orientatbtise crystal.

'
A

Figure 45. Diffraction pattern of MTXBs DHFR crystal on the beamline. The
purple circles give the relative resolution shedl®, 4.9, 3.3, 2.3 (from the most
inner circle to outer shell respectively).

The goal is now to convert these raw data intost dof Bragg reflections with
measured intensities. This process called dataepsity can be broken down into
three sections:

(1) Data Indexing : determination of crystal otaion, cell parameters, possible

space group



(2) Integrating the data: define the reflectiom fiem the image sets
(3) Scaling and merging the data

We have performed these steps using MOSFLM [254] 86ALA [255] .
Integrating the data show that the space grouprystallization was 4, (centred
orthorhombic) with the following cell parameters 423.82 A, b=156.23 A, c=
179.53 A with a=p=y=90°. The Matthew’s coefficient was calculated withe
following relationship:

V, = — Vonican Equation 60
MW xZ xN

Where \{; is the Matthew’s coefficient, M the molecular weight oBs DHFR
(18695 Da), Z the number of asymmetric units pet cell (8 for space groupd)
and N is the number of molecule per asymmetric. Wit gives the most probable
number of molecules in the asymmetric unit and lhgtells into the range of 1.6-2.5
A3 [256]. Using a cell volume of 3472899.9° Ahe number of molecules per
asymmetric unit was 10 corresponding to @ Wf 2.90 & Da’ with a solvent
percentage of 57.6 %.

After indexing and integration of the intensitiesrh the 360 images, the data
set was merged and scaled together. The summahealata is given in table 11.
The data corresponds to 158956 unique reflectibhs.resolution limits range from
the highest shell: 1.66 to 65.94 A to the lowerllshd4 to 65.94A. Probably the best
criterion to describe the quality of the structigehe resolution limit of the data. In
order to define this limit a number of factors hdeen defined, such as the ratio of
recorded intensity and its standard deviatieil)/ the completeness, R-factors and
data redundancy. As presented earlier in 7.3.5&cRrs are the traditional overall
measures of quality. They measure the relative emgeat between equivalent
observations. There are a number of R-factors. Mgr& factor arises from the
averaging of multiple measurement of reflectiorthef same (hkl) and of symmetry-
related reflections. Rgeis defined as:

> 3|1 (k) = 1{hkr)

I_hkli

Rivre (1) = >0 (hK)

hkl i

Equation 61



Note that Bymis often used in literature instead ofdRe Rsym is @ subset of Rrge
since it is measure of how well symmetry relatedeféection merge.

Another calculator than can be helpful in data iqpassessment is the so-called
precision-indicating merging R factor, R, [257]. It describes the precision of the
average measurement.

>IN -2 (hki) - 1(hkd

R =

I

hkl i

Equation 62

Rp.i.m gets better (smaller) with increasing multiplicity.estimates the precision of

the merged <I>.

R factor: Rneas[258] is the subsitute of Rge and describes the precision of the
individual measurements independent on how oftegivan reflection has been

measured.
>IN -ZF2 321 (k) = 1k
meas =K Z Z II i (hk| )

hk i

R Equation 63

A second quantity is the completeneBse completeness of a data set at a
given orientation is defined as the ratio of thenber of unique reflections measured
on the total of unique reflection. In practise cdetgness should be equal to, or over
95 % for the electron density calculation [225]eTihner shell completeness of our
data set is 99.7 % for a resolution range of 7.4d 65.94 A. For the highest
resolution shell, 1.66-7.44 A, it is 78.4% and 8c9at 1.66-1.71 A. For these later
values, the number of unique reflection is too kowvd therefore a truncation of data is
needed for accurate model building. Symmetry rdladlections are usually more
accurate in defining the overall quality of thealaet. The information given by the
different geometrical conditions is preferred ovepeated measurement of the same
reflection. The factor used is called redundancy noultiplicity of intensity
measurement. The overall multiplicity 5.6 and 605 the overall and inner shell

respectively, but falls to 1.8 for the outer shdil.the first two values are well



behaved, the third value is too low and corrobaradie finding enumerated earlier.
The building of the electron density should exclutie highest resolution shell.
Within table 12, we are able to assess in a sat@mfaway data quality according to
the value of R-factors, multiplicity, and completss. B, is defined as the minima
distance at which two features in the electron fermeap can be resolved. The
completeness is dropping with,R below 1.92 A. A decrease in completeness clearly
demonstrates a deterioration of the model paras§éi7, 259]. It indicates that the

data must be truncated before this threshold.

Overall InnerShell OuterShell
Low resolution limit (A) 65.94 65.94 1.71
High resolution limit (A) 1.66 7.44 1.66
Rmerge 0.108 0.043 1.831
Rmeas (Within 1+/1-) 0.119 0.046 2.554
Rmeas(@ll 1+/1-) 0.119 0.046 2.554
Rp.im. (Within 1+/1-) 0.048 0.018 1.773
Rpim (@l 1+ & I-) 0.048 0.018 1.773
Fractional partial bias -0.034 -0.024 -0.387
Total number of 897723 15993 2358
observations
Total number unique 158956 2445 1317
Mean ((1)/a(1)) 9.0 37.9 0.3
Completeness (%) 78.4 99.7 8.9
Multiplicity 5.6 6.5 1.8
Table 11 Summary of data statistic processed in spacepgigi (centred
orthorhombic).




Dmin Numfber Completeness | multiplicit
(A) 0 ] (%) y Rmeas Rsym Rp.i.m.
reflection

7.44 15993 99.7 6.5 0.046 0.043 0.018
5.26 30998 100.0 7.2 0.06L 0.0%6  0.023
4.30 40374 100.0 7.4 0.064 0.060 0.023
3.72 47745 100.0 7.4 0.068 0.063 0.025
3.33 54389 100.0 7.5 0.076 0.071 0.028
3.04 60114 100.0 7.5 0.089 0.083 0.082
2.81 65199 100.0 7.5 0.115 0.107 0.042
2.63 69953 100.0 7.5 0.164 0.153 0.060
2.48 74609 100.0 7.5 0.210 0.196 0.0Y6
2.35 78477 100.0 7.5 0.281L 0.261 0.102
2.24 82734 100.0 7.5 0.362 0.337 0.182
2.15 73909 100.0 6.4 0.448 0.411 0.1Y5
2.06 54496 100.0 4.6 0.5783 0.506 0.264
1.99 43694 96.5 3.6 0.766 0.651 0.392
1.92 34681 87.1 3.1 0.951 0.782 0.527
1.86 26800 74.0 2.7 1.126 0.898 0.661
1.80 19891 59.2 2.5 1.292 0.998 0.803
1.75 13579 43.4 2.2 1.444 1.081 0.942
1.71 7730 26.5 2.0 1.671 1.218 1.135
1.66 2358 8.9 1.8 2554 1831 1.773

Overall 897723 78.4 5.6 0.119 0.108 0.048

Table 12 Reflection statistics for the data used in tHmeenent. D, is the
nominal resolution.

7.5.3.2.Model and refinement

Structure solution search used Molecular Replacémespace group;3, (no
solutions were found in space group»1,) with the program Phaser [237]. The
model for the refinement was based on the struatfiféss DHFR deposited in the
protein data bank (accession code 1ZDR). The semashset with 1 monomer of the
DHFR from Bacillus stearothermophilus with protein atoms only (no solvent
molecules) and a resolution range of 4Gk4 Phaser was run in the "automated
molecular replacement mode" by searching for 1@tswis (10 monomers) in the
asymmetric unit (according to most probable numigrgiven by the Matthew's

coefficient).



Solution RFZ TFZ PAK LLG

number
1 4.0 10.3 0 74
2 4.0 195 0 262
3 52 185 0 534
4 44 21.7 0 845
5 34 24.6 0 1236
6 3.6 26.4 0 1694
7 4.0 23.8 0 2062
8 3.0 23.2 0 2375

Table 13.Summary of the Phaser runs.

PAK= Number of C-alpha atoms that can clash withia
TFZ= Translation Function Z-score

RFZ= Rotation Function Z-score

LLG= Log Likelihood Gain

8 solutions were found as indicated by table 13hWIR, the problem is to
define which solution is correct. The ranking oé tharious solutions is assessed by
various coefficients such as TFZ, LLG or packinppagement. The first possibility
to find the solution is to look at the packing bkttop 8 solutions. This is a very
discriminating criterion since it discards physigatlashing models. Indeed, if one
solution is well detached (see TFZ score or LLQug8), it is essential to examine
carefully the packing arrangement either graphycatl through the summary of the
logfile. Here no clashes were found as given byzéte values presented in table 13.
This is therefore very encouraging for generatimg ¢orrect solution. Using Phaser,
other commonly used criteria are the Z-score an@.LThe log likelihood gain is the
probability that the data would have been measigiegn the model. It allows us to
measure how much better the data can be predictidyaur model than with a
random distribution of the same atoms. The LLG #&h@lways be positive, and it
should increase as the solution progresses. Oarctizrly demonstrate an increasing
LLG when new components are added to the soluligreaks at 2375 for solution 8.
Additionally, the TFZ (the translation function Zese) for the correct solution is
generally (number of standard deviations aboventiean value) over 5 and well
separated from the rest of the solutions. Zlseore for the final translation function

is the highest: 23.2 and therefore it reinforcesglobability that the correct solution



has been found. For, the rotation function, theesmrsolution is within a Z-score
under 4. As these criteria are fulfilled, it indies that the solution number 8 is the

correct solution.

7.5.3.3.Model building

Since the phases are known, the next step is tol tive model from the
current available electron density. A crucial pohdre is that the initial phase
estimates are not of the best quality which resgulta relatively incorrect electron
density map. The model which can be built from sonelps may be in parts incorrect
or incomplete. It requires extra rounds of refinatneombined with model
rebuilding. Model building and refinement are thHiere a phase improvement
procedure. The protocol and softwares are choserder to optimize the parameters
for the building of the macromolecular model. Fodetailed comparison of some
popular model building package see reference [280hur case, we have used the
software ARP/WARP from the CCP4 package. ARP/wARRsI model building and
refinement in a general view [253]. Basically, iopesses iteratively towards the
model by optimizing the phases through the mantmraof atoms coordinates. The
procedure is based on the concept that the eledensity is made of a collection of
free atoms. Free atoms account for the electrotout the need of applying
chemical knowledge or distance restraints betwbemt The originality and power
of ARP/WARP comes from the way it establishes tloena connectivity. It proceeds
iteratively through snapshots, positioning atomsoating to the electron density and
then building blocks when stereochemical informagidinter-atomic distances) and
restraints are satisfied with confidence. The péduds are less certain are still allowed
and can be filled at any point of the procedures §knerated ‘hybrid model’ which
is a mixture of free atoms and fragment of the girostructure is refined using the
maximum likelihood program REFMACS5 [235].

To monitor the refinement progress over the varifgiement cycles, the
crystallographic R factor defined previously in atjon 52 is very useful. It measures
the fit between the model and the observed dataddiition to the standard R factor,

the so-called free R value is used as a crossataiglindicator to monitor the overall



progress and avoid ‘over’ fitting [244]. In tabld,lthe data used for the refinement

are listed.
Resolution limits 42.000-2.000 A
Number of used reflections 110893
Percentage observed 99.7360
Percentage of free reflections 5.0175
Overall R factor 0.4130
Free R factor 0.4172
Overall correlation coefficient 0.7515
Free correlation coefficient 0.7442
Table 14 Data statistics using REFMAC 5.

20 refinement cycles were run in total. Furtheineshent using REFMAC in each
ARP/WARP cycle. The starting model after REFMACeagva Rt = 0.413 and Re

= 0.417. The first cycle shows an improvement dhlqmarameters, |; = 0.362 and
Riree = 0.413. After 20 cycles a finalifg of 0.254 and R. of 0.318 were obtained.
The refinement in modern crystallography aim atimining both the standard R
factor and the Re value however these factors are often biased dicpito the
chosen protocol and sometimes do not give the mibdel best describes the data
[226]. The R factor progression and its cross \aiah are not sufficiently sensitive
to indicate whether or not a lateral chain is vpel$itioned. The correct conformation
need a graphical checking and therefore dependsisen creativity.Preliminary
pictures of the model are shown in figure 46. Thveye generated using the graphical
interface Coot [239] and Pymol [54]. Coot, the taylsgraphic object oriented
toolkit is a CCP4 module for model building, conta and validation.



Figure 46. Content of the asymmetric unit. The eight molesidee represented in
stick. The picture was made using Pymol . The asgimmunit contains 8 molecules
corresponding to eight monomers. Solvent molecatesomitted to provide a better
overview.

Overall, the electronic density map of the MB&-DHFR complexe is well defined
and therefore gives a solid base for model buildidgon initial inspection, the

electronic density shows in all monomers a sigaificnuclear density in the vicinity
of the active site (positive peak in green coldising the CCP4 library for small
molecules, this density was fitted with the atorwoordinate of MTX. The result for

chain C is presented in figure 47. It clearly ;B without ambiguity the presence of
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MTX. Preliminary examination of the interaction A§p27 and MTX at th&s DFR
active site confirms the common pattern observigni@ 48). The N1 atom of MTX
is well positioned to interact withd of Asp27.Although the precise features of the
interaction can not be accurately highlighted, ¢hessults are very encouraging.

Figure 48 Electron density maps for the MTX pteridine riaigd the DHFR active.
Shown in blue is the 2FsFcaic electron density map contoured at @.(0rhe distance
are given in A and were computed using Coot [239].

The reconstruction of the model was therefore pdidiether and figure 49 was
generated. As commonly observed with other bad¢tBtFER, these models possess
the original structure consisting of a pseudo Ra@ssfold [51, 261] of alternatinf-
strands (8, name@A- BH) anda-helices (4, namedB,C, E, F) with three main loop
regions.
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The next step in the analysis would certainly assey possible difference between
the 8 monomers and the description of the MTX brigdnteraction withBs DHFR.

At this stage it is possible to look at these hpseéises but it is a preliminary analysis.
The main difference between the monomers as dieduss[73, 262], often comes
from the loop conformations adopting the closed apdrtially occluded
conformations. A preliminary inspection of the Metbop region show potential
differences in the loop conformation (see figurg. 3owever the differences are
weak and need to be compared with the other availdata from various DHFR

sources.

Met20 Loop

Figure 50. Comparison of the eight monomers in the asymmeimnit (ribbon
representation). On the left, the eight monomeessaperposed. On the right, the
MTX binding site in the vicinity of the Met20 loopegion is magnified. This
picture was made using Pymol [55].

7.6 Discussion

The primary goal of this work was to determine Xieay structure the MTX-
Bs DHFR complexe. The work presented here is incotapleut we expect these
preliminary results to lead to a final model, whiafter careful analysis will be
deposited in the Protein Data Bank (PDB) [263]. Bhreicture validation is crucial.



Grossly incorrect structures have been publishembrding to the R factors and
should be avoided with the progress of validatmoid [226, 264]. The validation of
macromolecular structures are quite standardized [@65]. The PDB’s automated
deposition system used PROCHECK [247] for checkiogds, angles, dihedrals and
possible atom clashes. The SFCHECK [266] validakes structure factors. The
number of parameters generates an important nuafh@ssibilities which must be
carefully checked computationally and visually. Handling of this information is a
problem in terms of time and computing power. Hurirdaition and experience is
indispensable in validating atomic models. This kvdescribed here has not been
completed in a satisfactory fashion since the laickesources (financial, computing,
experience) have drastically limited the authorgpess. The primary perspectives of
this research are fairly simple as stated previodstther refinement and validation
of the model before structure deposition. The agstd refinement is ongoing with
REFMAC 5. The refinement is primarily graphicalngithe difference maps and aim
at correcting rotamer conformations and water maéscpositioning.

The model is at medium resolution between 2.0 addA2and would not be
suitable for determining hydrogen positions. Howea® presented in chapter 7.1 the
ambiguity of hydrogen and water positions could &ehieved by neutron
crystallography. The X—ray model would serve asam@hfor the neutron structure
building. Furthermore, the long term perspectivéshis project is to provide a
precise description of the energetics involved e MTX binding. The cross-
correlation of the ITC data from chapter 3.3 witthe structural information from X-
ray and neutron crystallography would definitivediged the light on the binding
mechanism and its molecular basis.






Fast proteins dynamics and its correlation to &gtand stability

8. PEGylation of BsDHFR

8.1.Introduction

The early goals of my project aimed at investigatime effect of small ligand
molecules on fast protein dynamics. As describeipusly we have initiated this
research project with the inhibitor MTX and the rabgrotein DFHR. However, it
was clear that projects based on a similar approeaald be of interest todn vivo,
proteins are often modified and conjugated with maptidic substance through
process such as acylation [267]; methylation [26&)psphorylation [269]. The
properties of the conjugate are often drasticalbydifred. In this respect we have
tested the possibility of using a non specific, aleatly bound molecule to perturb
simultaneously; activity, stability and dynamics.owkver various classes of
molecules can fulfilled these criteria since andrdaphilic polymer such as dextran,
polysaccharides [270], or even insoluble matricas be linked to a protein [271].
However one molecule, namely PEG: Poly-ethylenedlyeceives our attention. It
medical use over the last twenty years has madeyREGh a standard technique in
protein modification [272]. The following chapteilldeal with the production and
purification of a PEGylated form of our protein neb@s DHFR. Two experimental
objectives will be presented, first the investigatof PEG dynamics when coupled to
Bs DHFR by neutron scattering and the solution stmecbf the conjugate by Small
Angle Neutron Scattering (SANS).
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8.2.The pegnology science

The technique aiming at coupling polymers to prigeiriginated in the 1950s
and 1960s through ‘gentle chemistry’ but the ‘arigf pegnology’ came later, in the
late 1970s in the laboratory of Professor Franki®a¥ Rutgers University and also
with the work of Professor Abuchowsky [272]. F. Baqualified PEGylation in its
early stage as a ‘library shelves quest’. Theahjiroblem was to provide the benefits
of non-human bioactive proteins to humans. Thet tne key papers dealt with

Increase in solubility
due o the PEG

+ hydrophilicity

— Decreased
accassibifity for
proteclytic enzymes
and antibodies

Increase in size
to reduce kidney |
filtration

Figure 51. Schematical representation of a PEGylated protdihe main
advantages of the conjugate are outlined. Thedigwas reproduced from [273].

catalase [274] and albumin [275]. These pioneesiteps have made PEGylation a
choice technique in medicine with a tremendous cemial power. It is well known
that proteins can be used as therapeutic agenksasimsulin or interferon [276].
However, the direct use of protein in the body pnés a number of disadvantages.
Protein are stable under certain conditions, ehslapange in pH or ionic strength
may have a dramatic effect on the protein bioagtiviihe circulating body life is also
a major drawback in protein pharmaceutical. Asrzega rule, the protein life span in
blood circulation is very limited. Serum concernivas of interferons decay quickly
during the initial 24 hours. The half life;£) of interferone-2a is 2.3 hours and 2.1
min for interleukin-6 [277]. These short-lived axts are the results of a number of
effective clearance mechanisms such as glomerulaatibn, proteolysis or
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phagocytose (see figure 51). The action of protégrapeutic implies therefore
repetitive doses, which increases, not only thewarhof drug needed and treatment
costs, but may also cause severe secondary eftactee patient [273, 277, 278].
PEGylation is a challenging strategy in drug delyyevhich has the potential to
overcome these problems. Among all the advantagesded by the PEGylation,
there are: a decrease in toxicity, immunogenicitg @ncrease in body life time
circulation. For instance the half time circulatitife of a PEGylated form of
interferone-2a is 50 hours instead of 2.3 hours originally7R The pharmacokinetic
profile of drugs can be profoundly reformulated eTdirect outcomes clearly lead to
the optimization of blood circulating life; drugimination and time distribution of

therapeutics [279].

Brand Mame Product Company Indication

FPEGasys PEG-IFN fz-2a Hoffmann - La Hepatitis
(interferon) Roche

FEG-Intron PEG-IFN @-2b Enzon Hepatitis
(interferan)

Meulasta PEG-filgrastim Amgen MNeutropenia

(granulocyte colony-
stimulating factor)

Adagen PEG-adenosine Enzon Immuna-
deaminase deficiency
Oncaspar PEG-aspargase Enzon Cancer

(asparaginase)

Somavert PEG-visomant Flizer Acromegaly
(growth hormone)

FPEG-Hirudin PEG-recombinant hirudin Abbot Thrombosis
iphasze 1)
PEG-monoclenal PEG-CDF 270 Ffizer Rheumatoid Arthritis
antibody iphasze Il1)
FEG-Axckine PEG-ciliary neurotrophic Regeneron Obesity
Factor iphasze 1)
Pre-clinical testing | PEG-erythropoietin Pralong Anemia

Phamaceuticals

Table 15. Example of clinical applications of PEGylatedtein therapeutics. The
table was taken from [280] basedwww.biospace.goandwww.fda.gov
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Direct applications in medicine (table 15) are sthated with a number of
commercially and FDA (Food and Drug Administrati@pproved drugs. Interferons,
which are routinely used in the treatment of heisa@, are an example of the clinical
challenges involved in protein PEGylation. One lod tirect clinical application of
interferons is PEGASY% (Roche), which is a PEGylated form of interferer®a
with a 40 kDa branched PEG [281]. Other drugs hbeen designed such as
Exuberd from Pfizer, which consists of an inhaled formim$ulin to cure patients
suffering of type 1 and 2 diabetes [282, 283]. EBhesamples illustrate the value of
PEGylation as a methodology for drug delivery.

8.3.Polyethylene glycol’s properties

PEG molecules are made of the repetition of etleyleride units. This
polyether diol, highly soluble, amphiphilic is rélely chemically inert. PEGs are
prepared by anionic polymerization of ethylene exigroviding a variety of
molecular sizes. PEGs are named based on the nwhb#rylene oxide units in the
polymer chain. PEG is a viscous liquid at molecwarght below 1000 Da and solid
at higher molecular weights [278]. PEGs can begmateed in two main classes:
linear and branched polymers (figure 52). In additPEGs can be divided into two
groups: PEGs with free hydroxyl (-OH) groups athbenhds and PEGs with one or
two methoxylated end group(s) (-OH replaced by —@CH

Linear PEG-OH  H—{OCH,CH,}—OH

Linear mPEGQH  HC—(OCH,CH)m— OH

Eranched mPEG mPEG
>N———><

Figure 52. Typical molecular structures of poly-ethylene giigc (PEGS). The
structure of "Y-shaped" branched PEG is shown atlbttom where X is the
functional or active group [278].
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If figure 52 presents the ‘raw’ materials used B@ylation, PEG molecules can not
react directly with proteins, the molecule needsé¢o‘activated’. The basis of the
activation is to modify at least one of the freelfoxyl groups into a protein reactive

end.

8.4The PEGylation reaction

Basically, the PEGylation reaction is to conjugdte protein to PEG
molecule(s) but this task is not straightforwar84R For instance, the first activated
PEG molecules suffer from a number of disadvanta§esxe PEG is obtained by
chemical synthesis, the PEG batch yielded was pmpgdsed (polydispersity is the
ratio between the observed molecular weight (Mwjhaf PEG molecules and their
calculated value according to the number-averagecular weight (Mn)) in terms of
molecular weights and the choice of PEG chain lenhgtas restricted. Nowadays
with the development of synthetic and purificatiprocedures polydipersity has
decreased and activated PEG molecules over a tamge of molecular weights (2
kDa up to 60 kDa) with original architecture (braed PEG, comb-shaped
copolymer PEG) [285] are available. Another crucedawback was the chemistry
behind the PEGylation reaction. Protein amino gsowgre the first entities to be
PEGylated by acylation or alkylation but these pohaes presents a lack of
specificity, stability and reproducibility [286]. Aumber of PEGylation procedures
are now at hand. Various protocol using enzymda®7] or chemical procedures
offers a wide variety of ways to conjugate a speddrget protein [284, 286]. The
choice of the appropriate functional group for BRteG derivative is based on the type
of available reactive group on the molecule that & coupled to. For proteins,
typical reactive amino acids include lysine, cyséeihistidine, arginine, aspartic acid,
glutamic acid, serine, threonine, tyrosine. TheeNwinal amino group and the C-
terminal carboxylic acid can be also used. With tiedp of chemistry this large
variety of reactive groups has increased the spmctwwf PEGylation [284]. Site-
specific PEGylation is therefore possible, when festance free cysteines are
available naturally or via protein engineeringeSipecific binding avoids the number

of isomers obtained, which made PEGylated produdfipation easier and also their
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FDA approval. The choice and the guidance towarspecific reactive PEG are
therefore more flexible and have increased the npade of this technology.

PEGylation chemistry is well documented now, dstail the conjugation methods
can be found in [284, 286]. Additionally, a numleéicompanies offer activated PEG
for research and commercial use. To review the itapbd catalogue of available
PEG, consult the NOF websitenfw.peg-drug.com which is one of the leading
companies in this growing and important market. ttmous research efforts from
the manufacturers have led to the so-called segamération PEG chemistry. It
utilizes branched PEG with a central protein coafign functional group surrounded
by two or more identical methoxy-PEG chains. Howeiteseems that multi-arm

activated PEG are challenged by bi or heterofunati®®EG or even comb-shaped

copolymers leading ultimately to a third generatd®PEG (vww.peg-drug.com

8.4.1. PEGylation at cysteineresidue

For proteins that possess thiols suitable for PE@Eibg, PEGylation can be
very specific and reversible [286]. In fact, cysts are rarely present in proteins and
the limited cross reactivity with other reactiveogps present in proteins made
PEGylation at thiol group very relevant. A numbértlmol PEGylating agents are
presented in table 16. Among these, PEG-orthoplydidylfide reacts with thiol
groups forming a stable symmetric disulfide [288hother agent, PEG-maleimide
based on the well known Michael reaction takes athge of thiol addition to the
activated double bond [289]. PEG-vinylsulfone reasiowly with thiols to form a
stable thioether linkage to the protein. PEG-io@t@mide reacts with free thiols by
nucleophilic substitution, creating a stable thiheetlinkage. All these derivatives
targeting specifically thiol groups have their oagivantages and disadvantages [288,
290, 291]. For instance, PEG-vinylsulfone is stablean aqueous environment but
may react with lysine at elevated pH. PEG-orthapyrdisulfide reacts specifically
with sulfhydryl groups under both acidic and basinditions (pH 3-10) to form a
stable bond but in reducing environment the linkegeeadily converted to thiols.
The thioether bond between PEG-maleimide and tloteipr is stable but slow

cleavage of the amide linkage can occur in agusolugion. Our choice led us to use
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PEG maleimide because of its price and availabilitya number of molecular
weights. It has been reported that a relativelplstéinkage with a good specificity

toward sulfur groups.

Structure Thioreactive PEGs Properties
- PEG-pyridildisulphide  The most specific towards
SRR Y. thiol but yields a cleavable
i linkage by a reducing agent
also in vivo.
0 PEG-maleimide Gives stable linkage by
double bond addition but
PEG—N | can also react with amines
at pH >8.
O
ﬁ) PEG-vinylsulfone
PEG—ﬁ—CH:CHg
o]
o PEG-iodo acetamide Less reactive, not much used
PEGHNH J-|\/I

Table 16. PEGs reactives towards thiol group from [273].

8.5.STRUCTURAL CONFORMATION OF PEGYLATED
PROTEIN SPECIES

The tremendous value of PEGylated therapeutic m®ts unquestionable
however, it is inversely related to the amount atfadavailable on the molecular basis
of its biological effectiveness. The effects of BiEEon are unpredictable and their
molecular basis and dynamic properties are uncle& .believed that the improved
properties of the PEG-protein conjugates deriventpdrom the PEG molecule [280,
292, 293]. Significantly, PEG molecules are hypsited to actin vivo as a
‘molecular shield’ [273, 294]therefore the spatial conformation and dynamical
behaviour of PEG molecules seem crucial (figure Bi1yivo branched PEG-protein
conjugates have been found to be more effective thir linear counterparts with an
equivalent total molecular weight [295]. The longgrculation half-life of the
branched PEG was attributed to a more efficientkimgsmechanism of the protein

surface but also to a larger effective size [296]hgdrodynamic volume of the
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branched PEGylated protein [295]. The structurailiedf the PEG molecules when
conjugated to a protein are therefore the key stdnethe elucidation of PEG
bioeffectiveness. X-ray structural analysis shaved free PEG molecules can assume
at least two distinct conformations according te tain length: first the zigzag or
random coil structure for short chains and secoradlyelical structure for longer
chains [297]. These conformations are interchangeiabwater and depend on the
solution conditions. Another intriguing property BEG is its solubility. It is either
soluble in aqueous or organic solvent. The PEGhddlproperties are extensively
used in protein crystallography. PEG is a choicecipitating agent. In fact, the
presence of the ether oxygen atom allows the hiparatf the carbon chains through
the formation of the oxonium ion (The oxonium iam ¢hemistry is any positive
oxygen cation, which has three bonds). This specifiemistry makes PEG chains
heavily hydrated. In aqueous solution PEG mononears established up to three
water bridges [298]. The large exclusion volumebdieved to drive the overall
hydrodynamic properties of the PEG conjugate anidfaee the concept of
‘molecular shield’. These structural informatiore arseful but until now the atomic
structure of a PEG protein conjugate is still nobwn: does the (extremely mobile)
PEG chain shroud the protein, or does it sit adjat®the protein as an unperturbed
random coil? In what way, if any, does the confdaramachange when the conjugate
approaches other molecules, substrates, bindingesegs or surfaces?

As stated previously, the effect of PEG polymerpootein structure and the
three-dimensional structure of the PEG-protein wgaje are unknown. The
relatively large, highly flexible PEG polymer cogpte impedes crystallization and
structural determination by protein crystallographipwever two models have been
suggested (figure 53).
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Figure 53. Schematical representation of potential strustuoé a PEG-protein
conjugate. In A, the worm-like model is in equilion with an intermediate model
where PEG interacts locally with the protein. ThenBdel illustrates the shell-like
structure. The PEG molecule wraps and interacte rttwroughly with the protein.
This picture was modified and reproduced from [280]

The first model supports a shell like structure mghevater molecules solvate
hydrophilic regions around the protein whereas btgtobic patches interacts with
hydrophobic PEG clusters. According to this vieiE@® molecules are therefore
wrapping the protein. There is also an alternativedel in which there is no
interaction between the PEG and the protein. Tingugate forms a worm like helical
structure that fluctuates freely in solution. A fetudies have approached this issue.
Using Size Exclusion Chromatography (SEC) [299] &e# have suggested that the
viscosity radius of a PEGylated protein dependy onl the molecular weight of the
native protein and the total weight of grafted PH®ey also suggested that PEG
molecules form a dynamic layer over the surfaceéhefprotein. In conclusion, the
PEG-protein hybrid can adopt various conformatibos the stabilising interactions
are unknown. On the other hand SAXS (Small Angle)XScattering) and analytical
centrifugation have given the first lines of evides of PEGylated protein solution
structure [292, 293]. A model of the PEGylated dite of hemoglobin was
proposed by Sverguat al using anab initio method [292]. The proposed model
clearly outlines no change in the tertiary struetaf the protein and a compaction of

the quaternary structure. Additionally, PEG molesulvere found to interact with the
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core of the protein, cavities between subunits smdace to form either a dual-
mushroom or a dual-mushroom to brush. The tramsibetween the two PEG
conformations was proposed to depend on the distaetween the grafting sites
(Dg) and the Flory dimension @Rof PEG chain length.

Re-aN *° Equation 63
Where N is the number of units per polymeethe effective length of an oxyethylene
unit (@=3.5 A) [300]. Basically, the brush conformationtise predominant form
when D; < Rg whereas the mushroom like structure occurs @>[Rg. The PEG
conformation depends primarily of the chain length also on the available space
between them. When sterical hindrance is high,RE& chain adopts an elongated
form, brush like, whereas a non crowded area fa/the folding of the PEG chain on
itself. This study has unambiguously brought somdesnce of the three-dimensional
structure of PEGylated conjugate, however SAXS ipwa resolution technique;
model building is not accurate to determine thénigecture of the complex at atomic
resolution. Moreover, the PEG chains used in thidyswere relatively small, 5 kDa,
in comparison with PEG molecules used in mediddenerally PEGs with relatively
high molecular weightX 30 kDa) cause a sharp increase inith&ivo circulation
half-life [301]. Lower molecular PEG may not haveedevance in medicine since
their size would not be high enough to avoid kideksination [302].

Our first goal is to address this problem by meah&mall Angle Neutron
Scattering (SANS) which allows a direct measurenmadius of gyration (. With
the help of contrast variation, we could extractcsfically the PEG and or protein
structure, which is not possible by SAXS. It willopide a detailed map of the three
dimensional conformations of PEG molecules wherdbdrto a protein. The analysis
will highlight the basis and the nature of the rat¢ions that maintain and govern the
PEG/protein complex. Additionally, these resultdl we implemented with amb
initio modelling in the hope of building a more thoroughderstanding of the
molecular basis of PEG biological effectiveness.

Another goal is the dynamical behaviour of PEG mgles when grafted to a
protein. A recent study has pointed out that aediffice in molecular flexibility

between linear and branched PEGylated protein caxdlain differences in
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clearance rates by glomerular filtration [308he restricted dynamical behaviour of
branched PEG would reduce the ability of PEG claideform and cross glomerular
pores. If this hypothesis turns out to be correwilecular flexibility is a milestone in

PEG bio-effectiveness. Our second goal in thisysisdo investigate the effect of
PEGylation on PEG dynamics. We will use the techaigf neutron scattering to
follow nano and picosecond dynamics at a sub-Angstscale. As a subsidiary
benefit, we hope to test the effect of PEG molecwle protein dynamics at a later
stage.

The following chapters will describe the productiamd characterization of a
PEGylated form oBs DHFR.

8.6.Materials and Methods
8.6.1. PEGylation reaction

Hydrogenateds DHFR was purified as described previously in secf.4.2
and fully deuterateds DHFR as described in section 6.3.1. Purifiegsl DHFR
protein was diluted to a final concentration of Bl in 100 mM sodium phosphate
buffer at pH 7.5, 0.5 mM EDTA, 0.2 M NaCl and redddy incubation with a 25-
fold molar excess of dithiothreitol (DTT) for 1 hoat room temperature. The
reduced mixture was then desalted by chromatograging a Hi-Prep G-25 26/10
desalting column (GE healthcare, Uppsala, Swederf)0D mM sodium phosphate
buffer at pH 8, 0.5 mM EDTA, 0.2 M NaCl to removeetDTT. The PEGylation
reaction was initiated by the addition of 6 |Bd DHFR to a 5-fold molar excess of
PEG maleimide (NOF corporation, Tokyo, Japan) reaga 100 mM sodium
phosphate at pH 8, and 0.5 mM EDTA, 0.2 M NaClZdrours at room temperature
under gentle stirring. PEGylat&s DHFR was separated from unPEGylated protein
and unreacted PEG by ion exchange chromatographyg asustomed MacroCap SP
column (GE, Healthcare, Uppsala, Sweden) equikioran 50 mM MES pH 6. The
bound protein was eluted using a linear gradierit afolar NaCl. Column fractions
containing the PEGylatedBs DHFR protein were identified by non-reducing
SDS-PAGE and freeze-dried for 24 hours in the datks method was used to
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prepareBs DHFR modified with a 5 and 12.5 kDa maleimide PE&®&F corporation,
Tokyo, Japan).

8.6.2. Protein deter mination

Protein concentration was estimated with a modiBeddford method [304]
using the Bio-Rad protein assay kit (Bio-Rad, HesuUnited States). The micro
assay procedure was followed to determine prot@ncentration. The method
consists of mixing 0.8 mL of the the unknown protsolution concentration (ranging
from 1 pg/mL to 10 pg/mL) with 0.2 mL of Bio-Radagent. The mix is let to stand
for at least 15 min and no more than an hour. Alesace is read at 595 nm and the
protein concentration is determined against théeprostandard curve. Samples are
made in duplicate. The protein standard curve idariay varying concentrations of
stock standard bovine serum albumin solution frorto 10 pg/mL. The Bio-Rad

reagent was purchased from Bio-Rakgrcules, United States).

8.6.3. Enzyme assays

The same procedure as described in chapter 2.4s2 applied to obtain
hydrogenatedBs DHFR and 6.3.1 for fully perdeuteratd8s DHFR. Specific
activities of Bacillus stearothermophilus dihydrofolate reductase were measured
continuously by following the decrease in absorkaat 340 nm using a molar
extinction coefficient okss= 12300 M™ L cm™ [116]. The standard assay mixtures
contains sodium phosphate buffer 100 mM at pH 8a dixed concentration of
NADPH (100 pM) and kF (50uM). The final enzyme concentration was typically ~
0.3 nM. The reaction was initiated by the additadrl pL of enzyme to the reaction
mixture (469 uL), pre-incubated 2 min at a temperabf 30°C. Assays were run for
60 seconds using a thermospectronic hetigpectrophotometer interfaced with the
Vision™ 32 software (version 1.25, Unicam Ltd.).aR&on progress curves were
recorded in triplicate and repeated if the dataate\by more than 10 %. One unit of
enzyme is defined as that amount of the enzymecdialyzes the conversion of 1

micro mole of substrate per minute under the prev@ssay conditions.

170



Fast proteins dynamics and its correlation to &gtand stability

8.6.4. SDS-PAGE dectrophoresis

The same procedure was applied as described ios&ct.3 except that no

reductive agent was present

8.6.5. Neutron scattering sample preparation

PEGylated conjugates of fully perdeuteraBsIDHFR with PEG-maleimide
of 5 kDa and 12.5 kDa were synthesized, purified eimaracterised using the same
procedure described in section 8.6.3. To minimize tontribution of hydrogen
scattering, the labile hydrogen atoms from the AEtBgBs DHFR were exchanged
with deuterium oxide (BD). PEGylated perdeuterat®s DHFR was dissolved in
D,0O (10 mg/mL), gently stirred 12 hours at 4 °C amehtfreeze-dried. The operation
was repeated two more times with higher grad® Qpurity 99.9 %), freeze-dried,
and then stored at 4 °C until use. Activity wasaeel and less than 10 % of the
original activity was lost during the process. Afigophilisation, the PEGylated
perdeuteratedBs DHFR preparations (100 mg) were dried over phosmho
pentoxide. To reach a higher hydration level, thetgns were equilibrated in a
desiccator over a saturated solution of NaBr (wlgistes a relative humidity of 50 %
at 20 °C). After exposure at this relative humidityr two days), the BD content
was shown to be 20 %, (i.e.25 mg ofper 100 mg of dry weight protein). At this
hydration level the sample holder was quickly sealed stored at 4° C until use. The
NaBr salt was rotary evaporated before use to dearess in order to remove as
much as possible any remaining water moleculestled dissolved in high grade
D20 (99.9 %).

8.6.6. Small angle neutron scattering preparation

PEGylated conjugates of fully deuteratBsl DHFR as described previously
were dissolved at 2.5 mg/mL in a series of sohaamitrast 0, 25, 50, 75 and 100 %
’H,0:H,0 ratio. Quartz cuvettes of 1mm were used for memsents at room
temperature. Data were collected using the D22agifbmeter at the ILL (with two
detector distances coveringlarange of 0.01-0.257A).
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8.6.7. Size Exclusion chromatography

Chromatographic experiments were carried out orKa A Explorer 100™
liquid chromatography system with protein and PEGgIn conjugate detected by
UV absorbance at 280 nm (GE Healthcare Technolpdippsala, Sweden). The
chromatography system was controlled and data sedlysing the Unicorn software,
version 4.1 (GE Healthcare Technology, Uppsala, dewg Tricorn™ 10/30 GL
Superdex 200 pre-packed SEC columns were obtaimeoh fGE Healthcare
Technologies (Uppsala, Sweden). 40 samples were injected onto each size
exclusion column, using a 100 mM sodium phosphattebpH 7 with a flow rate of
1 mL/min. Size-exclusion column was calibrated agaa High Molecular Weight
(HMW) gel filtration calibration kits containing albumin (43 kDa), conalbumin (75
kDa), aldolase (158 kDa), ferritin (440 kDa) angrdglobulin (669 kDa), obtained
from GE Healthcare Technologies (Uppsala, Swed&ng Dextran (2000 kDa) was
purchased from Sigma (Saint Louis, MO, USA). Th&aparticle void volume, ¥
was measured by the elution volume of Blue Dextnaerker. K, values were
calculated for each sample using equation 64.

_(-v)

K, = v -v,) Equation 64
¢ Vo

Where \{ is the elution volume of the sample and i¥ the total column liquid

volume, 4 the column void volume.

8.6.8. Mass spectrometry

Molecular weights of PEGylated conjugates were rd@teed using an
Autoflex II MALDI-TOF mass spectrometer (Bruker Baics, Bremen, Germany).
Sample were dissolved in deionised water and midet with 5 mg/mL
dihydroxybenzoic acid matrix (Bruker Daltonics, Bren, Germany) in 2:1 0.1 % of
trifluoroacetic acid/acetonitril. LuIL of sample was loaded onto an AnchorChip™
target plate and allowed to dry at room temperat@rprotein Calibration standard |
(Brucker Daltonics, Bremen, Germany) kit was mix@dh matrix in the same
manner and 0.pL was loaded on the calibration spots on the tarf§pectra were

collected in linear detection mode as describediposly in section 6.3.3.
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8.7 Results
8.7.1. Purification and analysis of PEGylated BsDHFR

The primary structure d8s DHFR presents only one cysteine in position 73.
After inspection of the three-dimensional structutewas hypothesised this single
cysteine could potentially react with the PEG-nralde following the reaction
described in figure 54.
0

1
mPEG —N}j + SH-R - mPEG—N

|

S-R

~r

Figure 54. Schematical representation of the reaction betirREeG-maleimide (on
the left) and a protein thiol group (SH-R) from &8

The purification of mono-PEGylateBs DHFR was performed using ion exchange
chromatography with a specifically designed redtacroCap SP (GE healthcare,
Uppsala, Sweden) in a single run. The chromatoghows three main peaks. The
unbound material (figure 55, peak A) was identifeesl unreacted PEG. The SDS-
PAGE analysis of this fraction did not reveal argnt (figure 56, lane 6) when
stained by Coomassie blue. Indeed PEG moleculersoticabsorb at 280 nm but
maleimide groups do, therefore it is not surprigimdpave a UV signal at 280 nm. As
expected the first peak (figure 55, peak B) obthidering elution corresponded to a
mono-PEGylated form oBs DHFR (lanes 4 and 5, figure 56) whereas the second
peak (figure 55, peak C) was unambiguously Beé®HFR as assesed by the SDS-
PAGE (lanes 1, 2, 3, figure 56). This selectivetieluwas reported in a number of
studies [305, 306]. This specificity of PEG molesulto modify the physical and
chemical properties of the protein conjugate suslthe iso-electeric point, pKa or
hydrophobicity is clear but the mechanism is nohpletely understood. Indeed, it is
believed that PEG molecule when grafted to a pnatebdify these properties [280]
but the interactions remain complex to assess [307@ MacroCap SP resin, which
is a cation exchanger, is designed to purify PE@ylaroteins with high recovery

yields (GE, healthcare information).
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Figure55. HPLC chromatogram of the purification®B$ DHFR conjugated with a 5
kDa PEG-maleimide on MacroCap SP. Peak (A) cormspao the unbound
material whereas peak B and C are the eluted drati
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Figure 56. SDS-PAGE analysis of the purification PEGylaBIDHFR with 5 kDa
PEG-maleimide in non reducing conditions. Lane dfresponds to the molecular
weight marker (BenchMark Protein Ladder, Invitrogdane 9 to nativé8s DHFR,
lane 8 to the reaction mixture, lane 7 desaltedti@a mixture, lane 6 unbound
material, lane 5 and 4 first eluted peak, lane, B, @rrespond to fraction collected in
the last eluted peak.
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The SDS-PAGE analysis is rich in information. Asplred by lane 8 in figure 56,
almost allBs DHFR is PEGylated in a single and homogenous gatgs The
desalting step has a slight effect on the stalilitthe linkage established between the
protein and the PEG molecules. It seems that appedgly 20 to 30 % of PEG
molecules leach the protein as shown by the exral lof lower molecular weight.
This band corresponds to frBe DHFR as it migrates as the same position of&he
DHFR control. Lane 6, which is empty, correspondstie non reacted PEG.
Coomassie blue staining can not stain free PEG culds, a specific staining
designed by Kurfurst can probe specifically PEG eties [308]. Lanes 4 and 5
correspond to pure mono-PEGylatBd DHFR albeit a very slight amount of free

enzyme is present. The estimated molecular weiigtteoconjugate is according to

Protein Enzyme
St maleimide PJ;:I%T Yield S?Sg:']:lscl rillcu(\)/;ty %
P 5 kDa a Y (%) 9 activity
(mg) (mg) protein)
6
PEGylation 150 100 100 +3692XX11% ] 100
Desalting 3.3x10°
step 90 90 +0.3 x 10° 84
Anion ]
exchange 73 73 +3622Xx11% A 81

Table 17. PEGylatedBs DHFR purification table summary. The PEGylation
reaction was done with a PEG-maleimide of 5 kDaotdtn quantities were

determined using the Bradford method. One unit mfyme is defined as the
amount of enzyme that catalyzes the conversion micto mole of substrate per
minute under our assay conditions.

the protein ladder approximately 30 kDa which doesstrictly corresponds to one
monomer ofBs DHFR with a 5 kDa PEG molecule. The last lanes2(13) show a
single band corresponding of the frBe DHFR which has leached the PHS-
DHFR conjugate. The PEGylation yields for b&t DHFR, deuterium labelled or
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hydrogenated were very similar. For us, it wadaaitto recover as much enzyme as
we can. The cost of the PEG reagent (~250 US $men) was relatively low in
comparison to fully deuteratd8s DHFR which approximately costs 7000 US $ per
gram of pure protein. From 100 mg of pure protéire final yield of PEGylated
protein in terms of mass was 73 mg (see tableTg.procedure was therefore very
efficient. Almost all the protein was PEGylated andur conditions and only 10 %
was lost during the desalting step. The cation amgk procedure was experimentally
the most ‘expensive’step but the free protein (@snsin peak C, figure 55) was
almost entirely recovered and kept for further useadditional quantities of
PEGylated material were needed. Looking at theiBpectivities of the PEGylated
conjugate, it was clear under our assay conditibasPEGylation has a very limited
impact on the enzyme catalysis (see table 18).con&ol, purifiedBs DHFR has an
activity of 3.8 x 18 units per mg. The activity of the PEGylated samplith either a

5 kDa or 12.5 kDa PEG molecule is decreased (3&xnd3.1 x 16 units per mg
respectively). However, the lost of specific adtidoes not exceed 20 % in all tested
samples. These results also indicate that the PiEA® dength does not play a
significant role in the lost of activity. The difences between both samples,
hydrogenated and perdeuteratBd DFHR does not exceed 5 %. These limited
alteration ofin vitro activities are not surprising since PEGylation haen found to
be a none invasive method in respect of proteirabtwvity [287, 309, 310].

Protein Units/mg of protein % activity
Bs DFHR 3.8 x 10+0.4 x 10° 100
Bs DFHR-PEGy 5 kDa 3.2 x 180.2 x 10° 85
Bs DFHR- PEG 12.5 kDa 3.1 x 180.3 x 10° 83
dBs DFHR 2.6 x 16+0.2 x 10° 100
dBs DFHR-PEGy 5 kDa 2.1 x 18:0.1 x 10° 81
dBsDFHR- PEGa 12.5 kDa 2.3 x 1%0.2 x 10° 87

Table 18. Bioactivity of PEG-modifiedBs DHFR and &s DHFR (perdeuteratefis
DHFR). PEGnal is PEG-maleimide.
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In conclusion, the PEGylation @s DHFR with PEG-maleimide was very
efficient and enable us to obtain at a single httent point a PEGylated form of the
enzyme Bs DHFR with both PEG-maleimide reagents, 5 kDa arii5 1kDa
respectively. In order to have a deeper charaeit@iz of the produced samples, we

have performed a mass spectrometry analysis ussnlyIALDI-TOF technique

8.7.2. Mass spectrometry: MALDI TOF
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Figure 57. MALDI-TOF mass spectra of (a) nativBs DHFR, (b) Bs DHFR
PEGylated with a 5kDa maleimide-PEG andBsPDHFR PEGylated with a 12.5 kDa

PEG-maleimide.
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Figure 57 shows the MALDI-TOF mass spectra B¥ DHFR before and after
PEGylation with PEG-maleimide. The MALDI-TOF magsgestrum of the nativ8s
DHFR show a single peak at m/Z 18697 which is n&st consistent with the
calculated mass of a monomer (18695 Da) [56]. Aseeted the MALDI-TOF mass
spectrum of PEGylateBs DHFR show two peaks, one corresponding to an
unPEGylated form oBs DHFR and a second peak with a higher m/Z corredipgn

to a homogeneously mono-PEGylated formBefDHFR with PEG-maleimide. The
mono-PEGylatedBs DHFR with 5 kDa PEG-maleimide produces a peak & m
24382 which corresponds to a conjugate of one PE&imide to oneBs DHFR
monomer. As shown in (c) a very similar spectrunolserved. Two peaks, one
corresponding to the natiiéss DHFR at m/Z 18699 and a second peak at m/Z of
31016 corresponding to a mono-PEGylated conjugat8soDHFR with a PEG-
maleimide of 12.5 kDa. In all inspected spectra tieaks corresponding to the
PEGylated conjugates have a bell shape which isatiee mass distribution of the
raw PEG [311]. The mass distribution is usually rgifeed with the term
polydispersity which is the ratio between the obsdrmolecular weight (Mw) of the
PEG molecules and their calculated value accorttiriije number-average molecular
weight (Mn). For the PEG-maleimide used in thisspre studies, the polydispersity
given by the supplier company was 1,008 and thgimMre 5513 and 12645 Da for
the 5 and 12.5 kDa PEG respectively. Our experiaietiéta yield approximate
values of 5.685 kDa and 12.317 kDa for the 5 an8 kPa PEG respectively. These
values are therefore consistent with the suppk¢a.drhe relative importance of peak
heights for the native and PEGylatBd DHFR depends primarily of the sample to
matrix ratio and is not linked to the abundancehef molecule of interest. The best
results were obtained with a sample to matrix rafidl:8. A similar analysis was
performed for the fully deuterated8s DHFR. As shown in figure 58, very similar
spectra were observed for the native and PEGylateryme with both PEG-
maleimide reagent. The native enzyme producedglespeak at m/Z of 19740. The
mono-PEGylated conjugate of fully deuteraBsIDHFR with a PEG-maleimide of 5
kDa produced two peaks: oneraZ of 19741 corresponding to the free enzyme and

a second one centered at m/Z 25400. The massatifferis 5660, which again signs
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a mono-PEGylation of the enzyme by a 5 kDa PEG. HFE&ylation ofBs DHFR
with the 12.5 kDa PEG-maleimide shows similarly tpeaks, one at m/Z of 19738
and a second one aZ of 32153. Again, the enzyme was successfully PE@#gl at

a single point attachment
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I ntensity
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Figure58. MALDI-TOF mass spectra of (A) perdeuteraBsiIDHFR PEGylated
with a 12.5 kDa PEG-maleimide, (B) perdeuterd@e@®HFR PEGylated with a 5

kDa maleimide-PEG.

In conclusion, the MALDI-TOF analysis was very \athle to characterize our
sample and follow the PEGylation reaction. It immathod of choice for PEGylated

therapeuthic since it does not require large ansoohsample and time.

8.7.3. Characterisation of PEGylated Bs DHFR by SDS-PAGE and
chromatogr aphy

Both samples were analysed by SDS-PAGE in non-reduconditions.
Under these conditions, only the size of protefea$ the migration. As expected the
native enzyme migrates at a position close to 2@ kB indicated by the protein
ladder in lane 9, figure 59. A faint band was albserved around 40 kDa, which is
probably the result of the dimerization of the matenzyme as no reductive agent
was present in the medium. Looking at lanes 7,dt3nwe can give an estimate of
My of the PEGylated conjugate &8 DHFR with a 5 kDa PEG-maleimide. It is
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approximately 30 kDa as reported previously. Athhapncentration (5 mg/mL) a
smeared band (around 40 kDa) is observed in lamitt7a small quantity of free
enzyme as revealed by a band around 20 kDa. Tharsmprobably a contamination
from the adjacent well (lane 6) containing the P& Bs DHFR with a 12.5 kDa

PEG-maleimide. In addition, a similar trend is alved wherBs DHFR is PEGylated

with a 12.5 kDa PEG-maleimide (lanes 1, 2 and 6)e ™, of the PEGylated

conjugate is approximately 50 kDa. The, Mstimation of the hybrid molecule
between PEG anBs DHFR can not be determined using protein molecstizndards

in SDS-PAGE. Again, the direct sum of the PEG dralgrotein molecular weights
does not match the Mgiven by SDS-PAGE analysis.
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Figure 59. SDS-PAGE analysis of PEGylat€d DHFR with 5 and 12.5 kDa PEG-
maleimide in non-reducing conditions. Lane 9 cqroesls to the molecular weight
marker (BenchMark Protein Ladder, Invitrogen), l&#hdo nativeBs DHFR at 5
mg/mL, lane 7 to PEGylateBs DHFR with PEG maleimide 5 kDa at 10 mg/mL,
lane 6 to PEGylateBs DHFR with PEG maleimide 12.5 kDa at 10 mg/mL. L&ns
the nativeBs DHFR at 2.5 mg/mL, lanes 3 and 4 contain PEGyl&&®HFR with
PEG maleimide 5 kDa at 2.5 and 5 mg/mL respectivefynes 1, 2 correspond to
PEGylated Bs DHFR with PEG maleimide 12.5 kDa at 2.5 and 5 ng/m
respectively.
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Figure 60. Elution profile of nativeBs DHFR (blue curve), PEGylates DHFR
with PEG-maleimide 5 kDa (black curve) and PEGylaBs DHFR with PEG-
maleimide 12.5 kDa (red curve) on a Superdex 2@8010

A second way to characterize our PEGylated sampbes carried out using Size
Exclusion Chromatography (SEC) also called gefafiion (figure 60). Gel filtration
is a useful technique to assess the purifity amddgeneity of a protein sample. We
have therefore analysed the elution profile of BEGYylated conjugates &s DHFR
against its native form. As shown in figure 60, 8tC curves of the natigs DHFR

present a single and well-defined peak with g #f 0.58. K_, :( £ _VO) is the

(Vc _Vo)
distribution coefficient where ¥ Vo and \. represent solute elution volume, void
volume, and the total bed volume of fluid and SEgnbined, respectively. The
PEGylated forms oBs DHFR gave a similar pattern with a single and \eehaving
UV peak. As expected, the modifications of the @irotwith PEG moieties have
shifted the peak position. TheKwere respectively 0.40 and 0.28 for the 5 kDa and
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12.5 kDa modifiedBs DHFR. These shifts are therefore proportionalh® $ize of
grafted PEG molecule. The distribution coefficielgicreases when PEG molecules
size increase. These profiles demonstrate that; fire preparation is pure and
homogenous as reported previously by SDS-PAGE saisal$econdly, PEGylation
modifies drastically the conjugates size or shapeestheir K, coefficients are lower
than theBs DHFR. Such behaviour has been extensively repartetie literature
[294, 299]. It beyond the scope of this chaptemodel the PEGylated conjugate
however gel filtration chromatography is also ofteses in the determination of
molecular weight and size of proteins [312]. Itbizsed on the comparison of the
elution volume parameter, such as the gel phadebdison coefficient K, of the

protein of interest against a series of known steshsl
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Figure 61. Chromatographic separation and calibration cdorethe gel filtration
calibration kit HMW on the Tricorn™ Superdex 2003@GL column.
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Figure 62. Molecular size plot of the protein calibration KMW (GE Healthcare,
Uppsala, Sweden).

Protein Molecular weight (M) Kav
ovalbumin 43000 0.45
Conalbumin 75000 0.37
Aldolase 158000 0.27
Ferritin 440000 0.15
Thyroglobulin 669000 0.06

Table 19. Gel calibration kit HMW from GE Healthcare, Upfse&Sweden. M were
obtained from [172].

As shown in figure 62 and table 19, a series aiddeds have been established. It is
common to produce a chart in terms aof, Kersus log (M). The relationship is
approximately linear over a wide range of moleculaights [313]. From our
experimentally determined ] it seems that the PEGylated conjugateBDHFR
with a 5 kDa PEG or 12.5 kDa would have behavepragins with a M, of 59109
and 151367 Da respectively. These extrapolatednigsddo not support the results
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obtained by SDS-PAGE analysis, which have estimatedch lower M
approximately 30 kDa foBs DHFR with a 5 kDa PEG and 50 kDa fBs DHFR
with a 12.5 kDa PEG. A number of studies have reglosuch deviations when using
SDS-PAGE analysis [314]. It has been suggestedRE& and SDS form a kind of
complex [315]. The direct evidence of such inteoad is given by the presence of
broad or even smeared bands in some SDS-PAGE ofylete@ proteins. The
migration property of PEGylated protein could beywdifferent from that of the same
molecular weight. Therefore, a simple comparisothwhe protein ladder will not
give the correct information. On the other handidéal’ SEC separates solutes only
on the basis of size, nonideal cases occur tooinstaeince, hydrophobic interactions
between the support and the solute molecules canr and therefore modify the
elution profile of a given molecule. Accordinglyplste molecules with the same
charge as that of the support will experience edetdtic repulsion from the pores,
referred to as “ion exclusion,” and emerge eatl@n expected on the basis of size
[316]. To complicate the equation, PEG-proteins hybrid molecules and their
properties result of a mixed effect resulting fréme direct association of a protein
and a polymer: PEG. It has been noted by a nunflf®EG studies that determination
of PEGylated conjugates Mwith protein M, standards was unreliable [294]. The
routinely used methods in SEC can not be strighiylied and need to be specifically
designed for PEG-protein conjugates. Overall, iC3E relatively cheap and easy to
set up SEC chromatography reflects an average oy mmlecular level interactions
depending on the solvent, ionic force, type of omoly temperature. For instance the
viscosity radius (R which is often used to define the size (in Ajagbrotein by SEC
chromatography makes the assumption that all preteif polymers in solution
behave as spheres, whatever is the true shape ohatecule [317]. Therefore, we
must be cautious in interpreting the gel filtratata. In other words, SEC can not be
applied universally to obtain good estimates of enolar weights and the need of
alternative techniques is crucial. Actually a numbé techniques are available to
investigate the possible solution behaviour of RE&n grafted to globular protein

surface. For instance, analytical centrifugationlMIRy SAXS or SANS would
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certainly help to draw a comprehensive picture leg solution conformation of

PEGylated conjugates.

8.8.Conclusions and perspectives

The aim is of this chapter was to describe theetbffit steps to provide a pure
and homogenous preparation of a mono-PEGylatedugatg of the enzym®&s
DHFR with either a 5 kDa PEG-maleimide or 12.5 kPBG-maleimide. We have
been successful in this work and we have producedg quantities both conjugates.
Unfortunately the second step of this researchrteff@s initiated and not fully
achieved. Two projects were planned. As previostdyed, PEG bio-effectiveness is
believed to come from primarily its solution stue as it acts as a molecular shield
[273, 318]. On the other hand, PEG molecules mesfléxible so they will not
impair the bioactivity of the protein, as for inst&: in ligand-receptor recognition or
enzyme catalysis. There is therefore an intricatkarite between both properties.
Because of our involvement with neutron scatteriaghniques, we thought that
Small Angle Neutron Scattering was a potential négplne to probe the effect of PEG
on protein surface properties. Briefly SANS is &ugon scattering technique probing
the shape of nano-particle at a moderate resol@liadn 1000 nm) [81]. The Guinier
approximation of the scattering profile yields tredius of gyration (R of the
particle in solution and indicate its elongationcmmpactness [101]. The power of
SANS resides also in the application of the comtvasiation technique which is a
powerful auxiliary that could highlight specificalelement of a structure when the
molecule is labelled. Contrast variation is basedtlme substitution of hydrogen
atoms for deuterium atoms either in the solventinothe molecule itself. For a
detailed description of the technique see [319]. Mdee already began this work in
collaboration with Pr. John Finney; Pr. Jeremy 8miDr. Moeava Tehei; Dr.
Michael Hartlein and Pr. Fee Conan. We have pratitice deuterated form of the
enzymeBs DHFR (since SANS requirtH labelled protein) in collaboration with the
deuteration laboratory facility in Grenoble. We balso been successfully allocated
8 days on the Diffractometer D22 at the Institutiéd angevin which is the world

leading neutron source in 2007. My role in this expent was to produce and
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prepare the PEGylated samples and assist the SAN&iment when possible.
However, the data processing has not been perfoengetly since the presence of
aggregates has impaired the interpretation of th#texing curves. Since my role in
this established collaboration with Dr. Hartleihl() and Dr. Timmins (ILL) was not
to process the data, | do not have the materiah fthis specific experience and
therefore I’'m not able to discuss this issue hidmvever, it is critical for a successful
SANS experience to test the stability and solupitif the sample in a deuterated
media. Indeed the technique of contrast variatioplies the substitution of aqueous
buffer by a fully deuterated buffer from 0 % upi00 % DO content. It is known
that proteins tend to aggregate more easily inafetegd media [320]. A simple
experience using native gel electrophoresis ort Iggattering would be of great
benefit to find the optimal conditions for protesolubility and for success. If a few
studies have approached and shed the light onsibects of PEGylated conjugates
[292, 293], the structure of such hybrid polymerssiill a matter of debate. Efforts
are needed. With the development of bifunctionaletules and complexes PEG
architectures the structural milestone underlylmggower of Pegnology is crucial.
As a subsidiary benefit, we have also investigateddynamic properties of
PEG molecules when conjugated to a protein by opucattering. We have used
three different spectrophotometers, the backsoagtespectrophotometers IN16 and
IN13 and the time-of -flight IN6 for their complemtary time and space windows.
This experiment has taken place in May 2007 inatatation with Dr Moeava Tehei.
The data have not been processed and it is notbpmde discuss them here until
progresses are made. Depending on the previoudtsietioe long term goal of
PEGylation has definitively for us a role to playthe elucidation of protein dynamic
toward activity and protein stability. We would diko set a similar experience on a
hydrogenated form dBs DHFR conjugated wih fully deuterated PEG moleculas
this respect, we would have access to the changtstoprotein dynamics when a
non specific and covalently ligand is bound.
In conclusion, the field of PEGylation which is reasingly popular in protein
therapeutics has also a strong potential in funddémheesearch. The cross linking of

applied and more fundamental research activitieg ni@eal here a general consensus
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which unambiguously would stimulate a constant tgaent of new technologies

in protein therapeutics.
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9. General Conclusion & Per spectives

The primary goal of this work was to assess the ob fast protein dynamics
and their inter correlation with protein activityhé stability. We have therefore
focused on the protein model DHFR and its dynandiependency on the ps-ns
timescales when bound to the anticancer drug MTiXguthe technique of neutron
scattering and correlated these findings with @gtiand stability measurements. In
addition, we have investigated the role of fasttihations in view of protein thermo-
adaptation by comparing two thermal variants of ¢heyme DHFR, the moderate
thermophilic:Bs DHFR and its mesophilic counterpag: coli DHFR. Collectively,
the data have identified several features of tidkkale established between the
properties enumerated earlier.

The first chapters of the thesis have focusedheneffect of the anti-cancer
drug methotrexate. We have first explored the Imgdénergetics in the interaction
between the drug and the enzyme by isothermatititrzalorimetry and steady state
kinetics. ITC has revealed that the protein ligaacognition was largely favorable
with an affinity constant in the nM range, enthatpriven with unfavorable entropy.
In a second step, we have assessed the type oitiohimediated by MTX using
steady state kinetics. The inhibition was found&ocompetitive with respect to the
natural substrate #/# and MTX was characterized as a tight binder. Bhisly has
shown that even a small change in a ligand straatan have profound effects on the
interaction and binding energetics. It also highiggl the prodigious efficiency of
MTX to block DHFR activity at levels flirting witlthe nano-molar range.

Chapter 4 was focusing on the effectFHor the inhibitor MTX on DHFR
thermal stability. From circular dichroism, we falunthat both ligands can
significantly increase the thermal stability of thezyme with a more pronounced
effect with MTX. There are numerous ways to stabilihe enzyme structure and it is
very difficult to accurately rationalize which caoibutions have led to the change in
the thermal stability. Explanation for these shamags include the effect of
dynamics, buried water accessibility, folding caglwith binding and other

conformational change or structural rearrangeméi®s 321]. As judged by the
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crystal structure for the two complexes, the défere in thermal stability is
apparently due to the unique binding geometry od\ihd the protein. The inverted
position of the pteridin ring and the specific nmatetion with Asp 27 [51] has
necessarily involved a structural rearrangemett@fprotein architecture but it might
have also redistributed other discrete forces aoimguin the stabilization of the
chain upon the thermal effect. We have hypothesikatildynamics could be one of
these underlying forces. The work presented inc¢hapter is therefore an important
step toward the understanding of structural enmgetoward ligand protein
interaction and protein structure.

The data presented in this chapter 3 assessfta ef the binding of MTX on
protein dynamics on the ps-ns timescales, and fagalyi the significance of this
interaction to the overall macromolecular dynanpesameters: the flexibility &>
and resilience k>. Incoherent neutron scattering data obtainecherbackscattering
spectrophotometer IN13 have provided a global pectd the side chain dynamics on
the ps timescale. Overall, a global decrease wibilley and an increase in protein
resilience (only below the dynamical transition)rev@bserved in the presence of
MTX. These changes provide support for the hypashmt ligand binding induces
changes in dynamics and these changes can be ptegathrough the structure.
From a combination of sequence conservation, nauakianalysis and molecular
dynamics simulation Agarwat al have suggested a concept of a correlated network
of residues in DHFR critical for the hydride tragisfstep of the reaction [18].
Interestingly many of the strictly conserved resisl@are responsible for maintaining
the hydrogen bonding contacts with ligands sucfitas113 (threonine) and Asp 27
in E. coli. or Glu 30 inH. sapiens[47]. More surprisingly, several of these key
residues were quite distant from the active site, Tyr 100, Phe 31 and Met 42kn
coli DHFR. It implies that those residues distal frora #ttive site would have been
positioned in a particular way to maintain the sgyebetween the structure and
catalytic efficiency of the enzyme. It suggestst ttieere is a coupled ‘promoting
motions’ exploit by DHFR to enhance its catalytate. Recent NMR relaxation
studies have elegantly depicted the DHFR catalgticle as dynamic energy

landscape [16, 19, 37]. It suggests that the pesgra of the enzyme along its
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reaction coordinate is promoted by a successiorxofted and grounding energy
states induced by the binding or release of thelynts. It clearly outlines a direct
correlation between the fluctuations and the cttabfficiency of the enzyme. Thus
optimization of the free energy landscape by sileaf the substates and pathways
needed for function is an element of efficient betia. If this hypothesis turns out to
be correct, the effect of a specific inhibitor metDHFR cycle might also trigger a
specific effect. It is therefore very tempting toggest that the preferred fluctuations
observed along the reaction coordinate discusseigreeould have their respective
counterpart in presence of inhibitor. The energydtzape of a protein is usually
depicted as a 3D surface with peak and valleys][3&22 suggest that some of these
peaks and valleys could be seen as ‘dead end pghwa other words, if the
hierarchy in time and space indicates that slowfaromational transitions occurring
on the timescale of catalytic turnover are fad#ithby collective high frequency
fluctuations, the reduction or modification of thefast motions could also have
impaired the biological function of proteins. It yn@xplain why transition state
analogs exert such an unprecedented power on mpréseiction and are used
successfully in cancer therapy for instance [36¢ ®duld also extend this view as a
plausible determinant for allosteric regulatioreazymes and signal transduction but
the correlation is not easy to draw.

A number of complementary projects have beenialfiated during this PhD.
The determination of the X-ray structure of the MDKFR complex is one of them.
This particular work has not been completed, sodiseussion is not yet possible
even if the results are quite promising. To exptbg findings from the dynamic
study, we though that an unspecific and covaleganid such as PEG could yield
original and unexpected results. The basic idea twaseplace MTX by PEG
molecules but the cost of the raw materials (fdiguterated PEG) was out of reach
for our laboratory so we decide to examine PEG dyosiinstead. Chapter 8 gives an
overview of the PEGylation reaction and sample @rajon for neutron scattering
and SANS. The neutron scattring was carried o@0y/ at the ILL, Grenoble but the
results have not been processed. As a subsidiafit,bge also try to determine the
solution of the PEG-DHFR conjugate using SANS mfortunately the experiment
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fails to give the expected results. Last but nasigsince neutron scattering is an
isotope sensitive technique, the need of deutetalbelled proteins is often crucial.
We have therefore examined the effect of perdetberaon the temperature
dependence of the enzyrBs DHFR in chapter 6. If similar studies have beenalo
on the effect of perdeuteration on protein functj®80, 207, 214], stability [211],
and structure [180]. It was original to use theidgwm model [323] to test the
interplay between enzyme temperature dependency erdeuteration. This
experiment has clearly outlined a decrease in iagtistability when the enzyme was
perdeuterated. However, this piece of work needsrtphut of a biophysical method
to rationalize in terms of structure or energetinesse kinetics findings.
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10. Futuredirections

One of the long term goals of this line of reseaxels to highlight the strength of
neutron scattering in the field of enzymology aathtysis. We show that, DHFR as a
model system provides a useful tool for the stufljast protein dynamics and the
effect of ligand binding. However, an obvious miggpiece in the present work is a
description of the other substrate/cofactor contimna It would be clearly
advantageous to complement our set, with for it&tathe natural substratefHor
with other potent inhibitors of DHFR. It well knowthat bacterial and eucaryotes
DHFR variants do not respond similarly to anti-feldrugs but the key stones of this
powerful inhibition are not entirely known [324]rd®ein flexibility might be one of
the milestones of this intricate puzzle.

Additionally, the binding signature given by theQTmeasurement has provided
some interesting line of evidence about the undeglpinding energetics that drive
the interaction between the enzyme and its stamétic inhibitor. However to fully
exploit these data, we need a structural inputttier reliable interpretations of the
binding determinants. We have already started thectaral determination of the
complex between thBs DHFR and the drug MTX using X-ray crystallograpur
model is under refinement (& 22.1%, Ree : 31% at a resolution of 2.1 A). In light
of this evidence, it is interesting to raise thesfion of drug design. The discovery
and marketing of drugs is a time and money consgmimocess for pharmaceutical
groups. In proteomics, the common strategies asedan the X-ray structures which
allow the docking of active molecules in the actite of enzymes or binding domain
of receptors [325, 326]. Nevertheless, through shisly and a number or others [327,
328], it is becoming clear that protein flexibilitg a relevant factor in ligand
recognition, binding or chemical turnover. The iepentation of drug design
strategies must exploit protein flexibility. Forsklance, Lerneet al employ multiple
protein structures to incorporate protein flexiilin structure-based drug discovery
[329]. Their pharmacophore model improves its penénce with increased dynamic
sampling, indicating that including a greater degoé flexibility can enhance the

quest for potent inhibitors. It emphasizes the g@ngwimportance of protein
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flexibility in the quest of identifying novel inhitors. It is also important to note that
distal mutations can impact active site flexibilétgd protein function [330, 331]. It is
very tempting to test this hypothesis with PEG rooles and find out whether or not
protein dynamics, protein function and or protdabsity are enhanced or modulated
by such unspecific and distal ligands. This nevdfi@ill undoubtedly open new

strategies in drug design.
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11. Appendix

Enzyme BsDHFR dBsDHFR
Temperature Keat Keat at [Keat'

(K) (s) (s)

298 13 8 0.57
303 21 12 0.57
308 33 19 0.58
313 51 30 0.58
318 78 46 0.59
323 117 69 0.59
328 173 104 0.60
333 254 153 0.60
338 367 223 0.61
343 526 322 0.61
348 747 460 0.62
353 1049 651 0.62
358 1460 912 0.62

Table A. Summary of experimentally determinegandkea/Keat” in sodium
phosphate buffer 100 mM pH 8 in@

Enzyme BsDHFR dBsDHFR
Temperature Keat Keat Keat /Keat

(K) (s (s

298 12 6 0.52
303 19 10 0.53
308 30 16 0.54
313 46 25 0.54
318 70 38 0.55
323 105 58 0.55
328 155 86 0.56
333 228 128 0.56
338 330 187 0.57
343 474 270 0.57
348 673 387 0.58
353 947 549 0.58
358 1320 771 0.58

Table B. Summary of experimentally determitkegandkeat /keat ' in sodium
phosphate buffer 100 mM pH 8 inO

194



Fast proteins dynamics and its correlation to &gtand stability

10.

References

Kraut, D.A., K.S. Carroll, and D. Herschlag_hallenges in enzyme
mechanism and energeticdnnual Review of Biochemistry, 20032(1): p.
517-571.

Laidler, K.J. Chemical-Kinetics and the Origins of Physical-Chetmi
Archive for History of Exact Sciences, 1982(1): p. 43-75.

Laidler, K.J.S., J. M.Laurence, D. J. R,Gutfréurd.Neurath, H.Lumry,
R.Rabin, B. R.Smith, E. L. Williams, R. J. P.Vallé®, L.Robert, L.Blum, J.
J.Bernhard, S. A.Bergmann, P. D.Davies, D. R.Gre®n,L.Morton, R.
K.Koshland, D. E.Swoboda, P. A. T.Hoffmannostent@fley, D. D.Bunn,
D.Butler, J. A. V.Sangster, M.Klug, A.Roughton, ¥. W., J. G.Couper,
A.Rydon, H. N.Kacser, H.Haurowitz, Fhe Physical Chemistry of Enzymes -
General DiscussionDiscussions of the Faraday Society, 1955(20): 5a- 2
316.

Pauling, L.V.,The nature of the chemical bond and the structimaaecules
and crystals 1939, New York Cornwall University Press.

James, L.C. and D.S. Tawfi&onformational diversity and protein evolution
- a 60-year-old hypothesis revisitetrends in Biochemical Sciences, 2003.
28(7): p. 361-368.

Blake, C.C.F., D.F. Koenig, G.A. Mair, A.C.T. Mo, D.C. Phillips, and V.R.
Sarma. Structure of Hen Egg-White Lysozyme - a 3-Dimeisidiourier
Synthesis at 2a Resolutiddature, 1965206(4986): p. 757-759.

Koshland, D.EConformational changes: How small is big enoudt&ture
Medicine, 19984(10): p. 1112-1114.

Wyckoff, H.W., K.D. Hardman, N.M. Allewell, Tnagami, Tsernog |.D, L.N.
Johnson, and F.M. RichardStructure of Ribonuclease-S at 6 a Resolution.
Journal of Biological Chemistry, 196242(16): p. 3749-3751.

Koshland, D.EApplication of a Theory of Enzyme Specificity tatBm
SynthesisProceedings of the National Academy of ScienceghefUnited
States of America, 19584(2): p. 98-104.

Goh, C.S., D. Milburn, and M. Gerste®@onformational changes associated

with protein-protein interactionsCurrent Opinion in Structural Biology,
2004.14(1): p. 104-1009.

195



Fast proteins dynamics and its correlation to &gtand stability

11. Flores, S., N. Echols, D. Milburn, B. HespedeegiK. Keating, J. Lu, S.
Wells, E.Z. Yu, M. Thorpe, and M. GersteinThe database of
macromolecular motions: new features added at theade markNucleic
Acids Research, 20084: p. D296-D301.

12. Gerstein, M. and W. KrebA. database of macromolecular motiofsicleic
Acids Research, 19926(18): p. 4280-4290.

13. Cannon, W.R. and S.J. Benkovigolvation, reorganization energy, and
biological catalysis.Journal of Biological Chemistry, 199&73(41): p.
26257-26260.

14. Feeney, JNMR studies of ligand binding to dihydrofolate rethse.
Angewandte Chemie-International Edition, 2088(2): p. 290-312.

15. Eisenmesser, E.Z., D.A. Bosco, M. Akke, andKern. Enzyme dynamics
during catalysisScience, 200295(5559): p. 1520-1523.

16. Boehr, D.D., H.J. Dyson, and P.E. Wrighth NMR perspective on enzyme
dynamicsChemical Reviews, 200606(8): p. 3055-3079.

17. Daniel, R.M., R.V. Dunn, J.L. Finney, and J3tith.The role of dynamics in
enzyme activityAnnu Rev Biophys Biomol Struct, 2003: p. 69-92.

18. Agarwal, P.K., S.R. Billeter, P.T. Rajagopal&®.J. Benkovic, and S.
Hammes-Schiffer. Network of coupled promoting motions in enzyme
catalysis.Proc Natl Acad Sci U S A, 20029(5): p. 2794-9.

19.  Vendruscolo, M. and C.M. Dobsddynamic visions of enzymatic reactions.
Science, 2006313(5793): p. 1586-1587.

20. Wolf-Watz, M.T., V.Henzler-Wildman, K.Hadjipaui, G.Eisenmesser, E.
Z.Kern, D. Linkage between dynamics and catalysis in a thehiliop
mesophilic enzyme pailNature Structural & Molecular Biology, 2004.
11(10): p. 945-949.

21.  Jardetzky, O. and J.-F. Lefevierotein Dynamics, Function and Design
Proceedings of a NATO ASI and International SchafoStructural Biology
and magnetic resonance. V8Q1. 1999.

22. Daniel, R.M., J.L. Finney, and J.C. Smiflhe dynamic transition in proteins
may have a simple explanatidraraday Discussions, 20022: p. 163-169.

23. Daniel, R.M., J.C. Smith, M. Ferrand, S. HeRy, Dunn, and J.L. Finney.

Enzyme activity below the dynamical transition 20 XK. Biophys J, 1998.
75(5): p. 2504-7.

196



Fast proteins dynamics and its correlation to &gtand stability

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dunn, R.V., V. Reat, J. Finney, M. Ferrand,. Sthith, and R.M. Daniel.
Enzyme activity and dynamics: xylanase activitythe absence of fast
anharmonic dynamic8iochem J, 2000846 Pt 2: p. 355-8.

Tehei, M., B. Franzetti, D. Madern, M. Ginzbug.Z. Ginzburg, M.T.
Giudici-Orticoni, M. Bruschi, and G. ZaccaiAdaptation to extreme
environments: macromolecular dynamics in bactermanpared in vivo by
neutron scatteringEmbo Reports, 2008(1): p. 66-70.

Tehei, M., B. Franzetti, K. Wood, F. Gabel, Eabiani, M. Jasnin, M.
Zamponi, D. Oesterhelt, G. Zaccai, M. Ginzburg, 8xd. GinzburgNeutron

scattering reveals extremely slow cell water in @ab Sea organism.
Proceedings of the National Academy of ScienceshefUnited States of
America, 2007104(3): p. 766-771.

Tehei, M., D. Madern, C. Pfister, and G. ZacEast dynamics of halophilic
malate dehydrogenase and BSA measured by neutratterscg under
various solvent conditions influencing protein sli&b Proc Natl Acad Sci U
S A, 200198(25): p. 14356-61.

Tehei, M., J.C. Smith, C. Monk, J. Ollivier, Kettl, V. Kurkal, J.L. Finney,
and R.M. Daniel.Dynamics of immobilized and native Escherichia coli
dihydrofolate reductase by quasielastic neutron tteceng. Biophysical
Journal, 200690(3): p. 1090-1097.

Frauenfelder, H., B.H. McMahon, R.H. Austin,hu, and J.T. Grove3he
role of structure, energy landscape, dynamics, alfmstery in the enzymatic
function of myoglobinProceedings of the National Academy of Sciences of
the United States of America, 20@®B(5): p. 2370-2374.

Choy, W.Y. and J.D. Forman-Kagalculation of ensembles of structures
representing the unfolded state of an SH3 domaournal of Molecular
Biology, 2001.308(5): p. 1011-1032.

Monod, J., J. Wyman, and J.P. Chang@xNature of Allosteric Transitions
- a Plausible ModelJournal of Molecular Biology, 196%2(1): p. 88-95.

Dill, K.A. and H.S. ChanFrom Levinthal to pathways to funneNature
Structural Biology, 19974(1): p. 10-19.

Frauenfelder, H., F. Parak, and R.D. You@gnformational Substates in
Proteins.Annual Review of Biophysics and Biophysical Chemyis1988.17:
p. 451-479.

Frauenfelder, HProteins: Paradigms of complexityProceedings of the

National Academy of Sciences of the United Stafe&roerica, 200299: p.
2479-2480.

197



Fast proteins dynamics and its correlation to &gtand stability

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Frauenfelder, H. and B.H. McMahdanergy landscape and fluctuations in
proteins.Annalen Der Physik, 2009(9-10): p. 655-667.

Benkovic, S.J., G.G. Hammes, and S. Hammed{8chiFree-Energy
Landscape of Enzyme Catalydsochemistry 200847(11): p. 3317-3321.

Boehr, D.D., McElheny, D.,Dyson, H. J. and \WdtjgP. E.The dynamic
energy landscape of dihydrofolate reductase caimlyScience, 2006.
313(5793): p. 1638-1642.

Rajagopalan, P.T.R. and S.J. BenkovRreorganization and protein
dynamics in enzyme catalysighemical Record, 2002(1): p. 24-36.

Smith, JProtein dynamics: comparison of simulations witblastic neutron
scattering experiment§ Rev Biophys., 199P24(3): p. 227-91.

Klinman, J.P.Tunneling in enzyme catalyzed hydrogen atom transfe
reactions.Abstracts of Papers of the American Chemical $pck000.220:

p.

Klinman, J.P.Dynamic barriers and tunneling. New views of hydmog
transfer in enzyme reaction®ure and Applied Chemistry, 20035(5): p.
601-608.

Bruice, T.C. and S.J. Benkovi€hemical basis for enzyme catalysis.
Biochemistry, 200039(21): p. 6267-6274.

Radkiewicz, J.L. and C.L. BrookBrotein dynamics in enzymatic catalysis:
Exploration of dihydrofolate reductasdournal of the American Chemical
Society, 2000122(2): p. 225-231.

Liang, Z.X. and J.P. KlinmarBtructural bases of hydrogen tunneling in
enzymes: progress and puzzl€sirrent Opinion in Structural Biology, 2004.
14(6): p. 648-655.

Benkovic, S.J. and S. Hammes-Schifferperspective on enzyme catalysis.
Science, 200301(5637): p. 1196-1202.

Futterman, SEnzymatic reduction of folic acid and dihydrofobcid to
tetrahydrofolic acid.Jounal of Biological Chemistry, 195228(2): p. 1031-
1038.

Schnell, J.R., H.J. Dyson, and P.E. Wri§ttucture, dynamics, and catalytic

function of dihydrofolate reductaséAnnual Review of Biophysics and
Biomolecular Structure, 20033: p. 119-140.

198



Fast proteins dynamics and its correlation to &gtand stability

48.

49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

Baccanari, D.P. and R.L. TansiKinetics of methotrexate binding to
dihydrofolate reductase from Neisseria gonorrhoea&iochemical
Pharmacology, 198483(13): p. 2101-2107.

McGuire, J.JAnticancer Antifolates: Current Status and Futuraebtions.
Current Pharmaceutical Design, 200@1): p. 2593-2613.

Taylor, E.C., D. Kuhnt, C. Shih, S.M. Rinzel,.BGGrindey, J. Barredo, M.
Jannatipour, and R.G. MoraA dideazatetrahydrofolate analog lacking a
chiral center at C-6: N-[4-[2-(2-amino-3,4-dihydi-0x0-7H-pyrrolo[2,3-
d]pyrimidin-5yl)ethyl[benzoyl]-L-glutamic acid isnainhibitor of thymidylate
synthaseJournal of Medicinal Chemistry, 19925(23): p. 4450-4454.

Sawaya, M.R. and J. KrauLoop and subdomain movements in the
mechanism of Escherichia coli dihydrofolate redseta Crystallographic
evidenceBiochemistry, 199736(3): p. 586-603.

Swanwick, R.S., G. Maglia, L.-h. Tey, and RAlemann. Coupling of
protein motions and hydrogen transfer during catedyby Escherichia coli
dihydrofolate reductasd3iochemical Journal, 200894(1): p. 259-265.

Shrimpton, P., A. Mullaney, and R.K. Allemakiunctional role for Tyr 31 in
the catalytic cycle of chicken dihydrofolate redse. Proteins-Structure
Function and Genetics, 2003L(2): p. 216-223.

DelLano, W.L.Use of PYMOL as a communications tool for molecular
science in 228th National Meeting of the American-Chemicali&yc2004.
Philadelphia, PA.

DeLano, W.L. and JW. LamPyMOL: A communications tool for
computational modelsn 230th National Meeting of the American-Chemical-
Society 2005. Washington, DC.

Kim HS, D.S., Lee SY, Wemmer D, Klinman Jstructure and hydride
transfer mechanism of a moderate thermophilic dibfalate reductase from
Bacillus stearothermophilus and comparison to itsesophilic and
hyperthermophilic homologueBiochemistry, 200544(34): p. 11428-39.

Gouet, P., X. Robert, and E. Courcel&Pript/ENDscript: extracting and
rendering sequence and 3D information from atontiactures of proteins.
Nucleic Acids Research, 200&1(13): p. 3320-3323.

Corpet, F.Multiple Sequence Alignment with Hierarchical-Ckritg.
Nucleic Acids Research, 198B5(22): p. 10881-10890.

Krissinel, E. and K. Henricl&econdary-structure matching (SSM), a new tool
for fast protein structure alignment in three dimems. Acta

199



Fast proteins dynamics and its correlation to &gtand stability

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Crystallographica Section D-Biological Crystalloghg, 2004.60: p. 2256-
2268.

Bailey, S.The Ccp4 Suite - Programs for Protein CrystallogmpActa
Crystallographica Section D-Biological Crystalloghg, 1994.50: p. 760-
763.

Osborne MJ, S.J., Benkovic SJ, Dyson HJ, WiRiitBackbone dynamics in
dihydrofolate reductase complexes: role of loopifigity in the catalytic
mechanismBiochemistry, 200140(33): p. 9846-59.

Schnell, J.R., H.J. Dyson, and P.E. Wridfifect of cofactor binding and
loop conformation on side chain methyl dynamicdihydrofolate reductase.
Biochemistry, 200443(2): p. 374-383.

Polshakov, V.IDihydrofolate reductase: structural aspects of natbms of
enzyme catalysis and inhibitioRussian Chemical Bulletin, 20030(10): p.
1733-1751.

Huennekens, F.M['he methotrexate story: A paradigm for developnaént
cancer chemotherapeutic agentglvances in Enzyme Regulation, 1934:
p. 397-419.

Williams, J.W., J.F. Morrison, and R.G. DuggleMethotrexate, a high-
affinity pseudosubstrate of dihydrofolate reducta8ochemistry, 1979.
18(12): p. 2567-2573.

Polshakov, V.I., B. Birdsall, T.A. Frenkiel, A. Gargaro, and J. Feeney.
Structure and dynamics in solution of the compléxX_actobacillus casei
dihydrofolate reductase with the new lipophilic ifgiate drug trimetrexate.
Protein Science, 1998(3): p. 467-481.

Bolin, J.T., D.J. Filman, D.A. Matthews, R.Carlin, and J. KrautCrystal-
Structures of Escherichia-Coli and Lactobacillusséa Dihydrofolate-
Reductase Refined at 1.7 a Resolution .1. Generatufes and Binding of
MethotrexateJournal of Biological Chemistry, 198257(22): p. 3650-3662.

Reyes, V.M., M.R. Sawaya, K.A. Brown, and Jattrisomorphous Crystal-
Structures of Escherichia-Coli Dihydrofolate-Redisggt Complexed with
Folate, 5-Deazafolate, and 5,10-Dideazatetrahydedo - Mechanistic
Implications.Biochemistry, 199534(8): p. 2710-2723.

Gargaro, A.R., A. Soteriou, T.A. Frenkiel, CBauer, B. Birdsall, V..
Polshakov, I.L. Barsukov, G.C.K. Roberts, and Jerféy. The solution
structure of the complex of Lactobacillus caseiydilofolate reductase with
methotrexateJournal of Molecular Biology, 199877(1): p. 119-134.

200



Fast proteins dynamics and its correlation to &gtand stability

70.

71.

72.

73.

74.

75.

76.

7.
78.

79.

80.

Cocco, L., B. Roth, C. Temple, J.A. MontgomelRyE. London, and R.L.

Blakley. Protonated state of methotrexate, trimethoprim, agdmethamine

bound to dihydrofolate reductasarchives of Biochemistry and Biophysics,
1983.226(2): p. 567-577.

Chen, J.T., K. Taira, C.P.D. Tu, and S.J. Beikd’robing the Functional-
Role of Phenylalanine-31 of Escherichia-Coli Dihyfidate-Reductase by
Site-Directed MutagenesiBiochemistry, 198726(13): p. 4093-4100.

Rajagopalan, P.T.R., Z.Q. Zhang, L. McCourt,DMiyer, S.J. Benkovic, and
G.G. Hammes.Interaction of dihydrofolate reductase with metlestute:
Ensemble and single-molecule kinetiesoceedings of the National Academy
of Sciences of the United States of America, 289221): p. 13481-13486.

Bennett, B., P. Langan, L. Coates, M. MustyakimB. Schoenborn, E.E.
Howell, and C. DealwisNeutron diffraction studies of Escherichia coli
dihydrofolate reductase complexed with methotrex&®ceedings of the
National Academy of Sciences of the United StatésAmerica, 2006.
103(49): p. 18493-18498.

Birdsall, B., A.S.V. Burgen, E.l. Hyde, G.C.IRoberts, and J. Feeney.
Negative cooperativity between folinic acid andreene in their binding to
L. casei dihydrofolate reductadBiochemistry, 198120(25): p. 7186-7195.

Bystroff, C. and J. KrauCrystal structure of unliganded Escherichia coli
dihydrofolate reductase. Ligand-induced confornradio changes and
cooperativity in bindingBiochemistry, 199130(8): p. 2227-2239

Parak, F., E.W. Knapp, and D. Kuchei®aotein dynamics : Mossbauer
spectroscopy on deoxymyoglobin crystalsurnal of Molecular Biology,
1982.161(1): p. 177-194.

Pynn, R.Neutron scattering: A Prime990.

Helliwell, J.R.Neutrons in biologyNature Structural Biology, 1998(7): p.
538.

Zaccai, G. and B. Jacr@&@mall Angle Neutron Scatteringnnual Review of
Biophysics and Bioengineering, 1982(1): p. 139-157.

Teixeira, S.C.M., G. Zaccai, J. Ankner, M.C.liBsent-Funel, R. Bewley,
M.P. Blakeley, P. Callow, L. Coates, R. Dahint,[Rlgliesh, N.A. Dencher,
V.T. Forsyth, G. Fragneto, B. Frick, R. Gilles, Gutberlet, M. Haertlein, T.
Haul3, W. Haulller, W.T. Heller, K. Herwig, O. Holder F. Juranyi, R.
Kampmann, R. Knott, S. Krueger, P. Langan, R.E.hbec, G. Lynn, C.
Majkrzak, R.P. May, F. Meilleur, Y. Mo, K. MortenseD.A.A. Myles, F.
Natali, C. Neylon, N. Niimura, J. Ollivier, A. Ostaann, J. Peters, J. Pieper,

201



Fast proteins dynamics and its correlation to &gtand stability

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

A. Rihm, D. Schwahn, K. Shibata, A.K. Soper, T.aSs$te, J. Suzuki, I.
Tanaka, M. Tehei, P. Timmins, N. Torikai, T. Unrah, Urban, R. Vauvrin,
and K. Weiss.New sources and instrumentation for neutrons inlogip.

Chemical Physics, 200845(2-3): p. 133-151.

Pynn, R.Neutron Scattering-A PrimeL.A.N.S. Center, Editor. 1990.

Creighton, T.E.Stability of folded conformations : Current opinian
structural biology 1991, 1: 5-1&urrent Opinion in Structural Biology, 1991.
1(1): p. 5-16.

Tehei, M., R. Daniel, and G. Zacc&undamental and biotechnological
applications of neutron scattering measurements faacromolecular
dynamics European Biophysics Journal with Biophysics La{t@006.35(7):

p. 551-558.

Petoukhov, M. and D. Sverguioint use of small-angle X-ray and neutron
scattering to study biological macromolecules inluson. European
Biophysics Journal, 20085(7): p. 567-576.

Bée, M.,Quasielastic Neutron Scattering: Principles and Kgadions in
Solid State Chemistry, Biology and Materials Sagent988: Institute of
Physics Publishing.

Cotton, J.PDiffraction et spectroscopie des neutrogiences et techniques
de l'ingenieurPE 1 095 p. 1-12.

Schoenborn, B.P. and R.B. Kndtfeutrons in biology 1996: New York :
Plenum Press, c1996.

Holderer, O., H. Frielinghaus, D. Byelov, M. M@&nbusch, J. Allgaier, and
D. Richter. Dynamic properties of microemulsions modified with
homopolymers and diblock copolymers: The deternanaif bending moduli
and renormalization effect§.he Journal of Chemical Physics, 20032(9):

p. 094908-8.

Biehl, R., B. Hoffmann, M. Monkenbusch, P. Fal8. Preost, R. Merkel, and
D. Richter.Direct Observation of Correlated Interdomain MotionAlcohol
Dehydrogenase&?hysical Review Letters, 200801(13): p. 138102-4.

DiCapua, E., M. Schnarr, R.W.H. Ruigrok, P.dner, and P.A. Timmins.
Complexes of RecA protein in solution: A study imalk angle neutron
scattering.Journal of Molecular Biology, 199@14(2): p. 557-570.

Doster, C.a/Expanding Frontiers in Polypeptide and Protein wsttural
research’.1990.

202



Fast proteins dynamics and its correlation to &gtand stability

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Doster, W., S. Cusack, and W. Pefynamical Transition of Myoglobin

Revealed by Inelastic Neutron-Scatterilddature, 1989337(6209): p. 754-

756.

Agarwal, PEnzymes: An integrated view of structure, dynamisfunction.

Microbial cell factories, 2006&(1): p. 2.

Gabel, F., D. Bicout, U. Lehnert, M. Tehei, Weik, and G. ZaccaProtein
dynamics studied by neutron scatteri@yRev Biophys, 200235(4): p. 327-

67.

Zaccai, GHow soft is a protein? A protein dynamics forcestant measured

bby neutron scatteringcience, 200®(288): p. 1604-7.

Natali, F., M. Bee, A. Deriu, C. Mondelli, L.oBe, C. Castellano, and S.

Labbe-Lavigne. IN13 backscattering spectrometer:

evolution. Physica B: Condensed Matter, 20@%0(1-3, Supplement 1): p.

E819-E822.

an instrument

Dilip, M., Principles and Chemical applications of Neutrontssang, T.U.o.

Alabama, Editor. 2004.

Laemmli, U.Cleavage of structural proteins during the assendflthe head

of bacteriophage TANature, 1970227(5259): p. 680-685.

Réat, V.Z., G.;Ferrand, M.; Pfister, C. Biological
Dynamics Adenine, ed. N. Guilderland. 1997. 117-22.

Macromolecular

Gabel, FProtein dynamics in solution and powder measurednbgherent

elastic neutron scattering: the influence of Q-rangnd energy resolution.

European Biophysics Journal, 2038(1): p. 1-12.

Guinier, A.Small Angle Scattering of X-raygol. 268. 1955: John Wiley &

Sons, Inc., New York.

Bicout, D.J. and G. Zacc#&lrotein flexibility from the dynamical transition:

A force constant analysiBiophysical Journal, 20080(3): p. 1115-1123.

Daniel, R.M., J.L. Finney, and J.C. Smithe dynamic transition in proteins

may have a simple explanatiofraraday Discuss, 200322: p. 163-9;

discussion 171-90.

Nienhaus K, O.A., Nienhaus GU, Parak FG, sdhr. Ligand migration
and protein fluctuations in myoglobin mutant L29B¥bchemistry, 200544:

p. 5095-5105.

203

in



Fast proteins dynamics and its correlation to &gtand stability

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Tehei, M., D. Madern, C. Pfister, and G. ZacEast dynamics of halophilic
malate dehydrogenase and BSA measured by neutratterscg under
various solvent conditions influencing protein slih Proceedings of the
National Academy of Sciences of the United StafteSnoerica, 200198(25):
p. 14356-14361.

Chunduru, S.K., V. Cody, J.R. Luft, W. Panghal.R. Appleman, and R.L.
Blakley. Methotrexate-resistant variants of human dihydratel reductase.
Effects of Phe31 substitutiondournal of Biological Chemistry, 1994.
269(13): p. 9547-9555.

Junker, J.P., K. Hell, M. Schlierf, W. Neupahd M. Rief.Influence of
Substrate Binding on the Mechanical Stability of ugl® Dihydrofolate
ReductaseBiophysical Journal, 20089(5): p. L46-48.

Zaccai, G.Biochemistry - How soft is a protein? A protein dgmcs force
constant measured by neutron scatterid@00. p. 1604 - 1607.

Gabel, F., D. Bicout, U. Lehnert, M. Tehei, Weik, and G. ZaccaProtein
dynamics studied by neutron scatterirfguarterly Reviews of Biophysics,
2002.35(4): p. 327-367.

Balog, E., T. Becker, M. Oettl, R. Lechner, Baniel, J. Finney, and J.C.
Smith. Direct determination of vibrational density of statchange on ligand
binding to a proteinPhys Rev Lett, 200493(2): p. 028103.

M.J.Danson, R.E.aEnzymes assays: a practical approadrhe practical
approach series, ed. D.R.a.B.D. Hames. 1992.

Lineweaver, H. and D. Burkhe Determination of Enzyme Dissociation
Constants.Journal of the American Chemical Society, 193&(3): p. 658-
666.

Clausen, T., R. Huber, A. Messerschmidt, HRBhlenz, and B. Labe&low-

Binding Inhibition of Escherichia coli Cystathioeinbeta-Lyase by L-
Aminoethoxyvinylglycine: A Kinetic and X-ray Studiochemistry 1997.
36(41): p. 12633-12643.

Marko, G. and S. Jur8low-binding inhibition: A theoretical and practica
course for studentsBiochemistry and Molecular Biology Education, 2004
32(4): p. 228-235.

Cha, S., S.Y.R. Kim, S.G. Kornstein, P.W. KdintkK.H. Kim, and F.N.M.
Naguib. Tight binding inhibitors--1X: Kinetic parameters afihydrofolate
reductase inhibited by methotrexate, an examplee@dilibrium study.
Biochemical Pharmacology, 19830(12): p. 1507-1515.

204



Fast proteins dynamics and its correlation to &gtand stability

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Hillcoat, B.l., Nixon, P.F, Blakeley, R.Effect of substrate decomposition on
the spectrophotometric assay of dihydrofolate rease Analytical
Biochemistry, 196721(2): p. 178-89.

Dixon, M. The determination of enzyme inhibitor constarBgchemical
Journal, 195355(1): p. 170-180.

Baccanari, D.P., R.L. Tansik, S.S. Joyner, .MFlihg, P.L. Smith, and J.H.
Freisheim. Characterization of Candida albicans dihydrofolateductase.
Journal of Biological Chemistry, 198264(2): p. 1100-1107.

Jarabak, J. and N.R. Bach@rsoluble dihydrofolate reductase from human
placenta: Purification and propertiesArchives of Biochemistry and
Biophysics, 1971142(2): p. 417-425.

Rao, K.NPurification and characterization of dihydrofolateductase from
Lactobacillus leichmanniilndian Journal of Biochemistry & Biophysics,
2000.37(2): p. 121-129.

Cha, S. Tight-binding inhibitors: Kinetic behavior. Biochemical
Pharmacology, 19724(23): p. 2177-2185.

Perdicakis, B., H.J. Montgomery, J.G. Guilltmeand E. JervisAnalysis of
slow-binding enzyme inhibitors at elevated enzyomeentrationsAnalytical
Biochemistry, 2005337(2): p. 211-223.

Garrido-del Solo, C., F. Garcia-Canovas, BHdvsteen, and R. Vardn
Castellanos. Kinetic analysis of enzyme reactions with slow-lrigd
inhibition. Biosystems, 199%1(3): p. 169-180.

Sculley, M.J., J.F. Morrison, and W.W. ClelaBtbw-binding inhibition: the
general caseBiochimica et Biophysica Acta (BBA) - Protein Stture and
Molecular Enzymology, 1996.298(1): p. 78-86.

Kuzmic, PA steady state mathematical model for stepwisen-slimding"
reversible enzyme inhibitioAnalytical Biochemistry, 200&880(1): p. 5-12.

Senkovitch O., V.B., Nisha G.,DebasisiL{pophilic Antifolate Trimetrexate
is a potent inhibitor of trypanosoma cruzi: Prospdor chemotherapy of
Chagas' diseaseantimicrobial agents and chemotherapy, 208%38): p.
3234-38.

Baker, B.M. and K.P. Murph¥valuation of linked protonation effects in

protein binding reactions using isothermal titrati@alorimetry.Biophysical
Journal, 199671(4): p. 2049-2055.

205



Fast proteins dynamics and its correlation to &gtand stability

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Horn, J.R., S. Ramaswamy, and K.P. Mur@yucture and Energetics of
Protein-Protein Interactions: The Role of Conforinatl Heterogeneity in
OMTKY3 Binding to Serine Protease®urnal of Molecular Biology, 2003.
331(2): p. 497-508.

O’Brien, R., J.E. Ladbury, and C. B.Bpthermal titration calorimetry of
biomolecules, Chapter 10 in Protein-Ligand interans: hydrodynamics and
calorimetry, ed. S. Harding and B. Chowdry. 2000: Oxford Ursity Press.
Leavitt, S. and E. FreirBirect measurement of protein binding energetics by
isothermal titration calorimetryCurrent Opinion in Structural Biology, 2001.
11(5): p. 560-566.

Velazquez-Campoy, A. and E. Freitsothermal titration calorimetry to
determine association constants for high-affinilgahds. Nat. Protocols,
2006.1(1): p. 186-191.

Pierce, M.M., C.S. Raman, and B.T. Nibthermal titration calorimetry of
protein-protein interactions. Methods-a Companion to Methods in
Enzymology, 199919(2): p. 213-221.

Velazquez-Campoy, A., S. Muzammil, H. OhtakaSchon, S. Vega, and E.
Freire.Structural and Thermodynamic Basis of Resistandél¥61 Protease

Inhibition: Implications for Inhibitor Design.Current Drug Targets -
Infectious Disorders, 2003: p. 311-328.

Turnbull, W.B., B.L. Precious, and S.W. Homabsssecting the cholera
toxin-ganglioside GM1 interaction by isothermal raiion calorimetry.
Journal of the American Chemical Society, 20026(4): p. 1047-1054.

Delves, C.J., S.P. Ballantine, R.L. TansikP.DBaccanari, and D.K.
Stammers.Refolding of Recombinant Pneumocystis carinii Dibjalate
Reductase and Characterization of the Enzymmtein Expression and
Purification, 19934(1): p. 16-23.

Giladi, M., N. Altman-Price, I. Levin, L. Leyyand M. MevarechFolM, A
New Chromosomally Encoded Dihydrofolate ReductasEsicherichia coli.
Journal of Bacteriology, 200385(23): p. 7015-7018.

Sigurskjold, B.W.Exact Analysis of Competition Ligand Binding by
Displacement Isothermal Titration CalorimetrnAnalytical Biochemistry,
2000.277(2): p. 260-266.

Wang, Z.-X.An exact mathematical expression for describing petitive

binding of two different ligands to a protein malée FEBS Letters, 1995.
360(2): p. 111-114.

206



Fast proteins dynamics and its correlation to &gtand stability

139. lIrene Luque, E.RStructural parameterization of the binding enthaggysmall
ligands.Proteins, 200249(2): p. 181-190.

140. Jackson, M., S. Chopra, R.D. Smiley, P.O. MaynA. Rosowsky, R.E.
London, L. Levy, T.l. Kalman, and E.E. HowelCalorimetric Studies of
Ligand Binding in R67 Dihydrofolate ReductaB&chemistry, 200544(37):
p. 12420-12433.

141. Stone, S.R. and J.F. Morris#mnetic mechanism of the reaction catalyzed by
dihydrofolate reductase from Escherichia c&iochemistry, 198221(16): p.
3757-3765.

142. Birdsall, B., V.I. Polshakov, and J. Feen&yMR Studies of Ligand
Carboxylate Group Interactions with Arginine Re®duin Complexes of
Lactobacillus casei Dihydrofolate Reductase wittbs$tates and Substrate
AnaloguesBiochemistry, 200039(32): p. 9819-9825.

143. Li, D., L.A. Levy, S.A. Gabel, M.S. Lebetkig,F. DeRose, M.J. Wall, E.E.
Howell, and R.E. London.nterligand Overhauser Effects in Type I
Dihydrofolate Reductas@&iochemistry, 200140(14): p. 4242-4252.

144. Narayana N, M.D., Howell EE, Nguyen-huu A plasmid-encoded
dihydrofolate reductase from trimethoprim-resistaatteria has a novel D2-
symmetric active sité&at Struct Biol. , 19952(11): p. 1018-25.

145. Velazquez-Campoy, A., Y. Kiso, and E. Freifbe Binding Energetics of
First- and Second-Generation HIV-1 Protease Inlitst Implications for
Drug Design.Archives of Biochemistry and Biophysics, 20320(2): p. 169-
175.

146. Stammers, D.K., J.N. Champness, C.R. Beddd&l, Dann, E. Eliopoulos,
A.J. Geddes, D. Ogg, and A.C.T. Northhe structure of mouse L1210
dihydrofolate reductase-drug complexes and the tcoctson of a model of
human enzymé&EBS Letters, 198218(1): p. 178-184.

147. Yamamoto, T., S. Izumi, and K. Gekkdass Spectrometry on
Hydrogen/Deuterium Exchange of Dihydrofolate Redset Effects of Ligand
Binding.Journal of Biochemistry, 200435(6): p. 663-671.

148. Bushmarina, N.A., C.E. Blanchet, G. Vernier) &. Forge Cofactor effects
on the protein folding reaction: Acceleration ofgha}-lactalbumin refolding
by metal ionsProtein Science, 20065(4): p. 659-671.

149. Greenfield, N.J.Using circular dichroism spectra to estimate praotei
secondary structureNat. Protocols, 2007(6): p. 2876-2890.

207



Fast proteins dynamics and its correlation to &gtand stability

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Greenfield, N.JDetermination of the folding of proteins as a fumct of
denaturants, osmolytes or ligands using circulachdoism. Nat. Protocols,
2007.1(6): p. 2733-2741.

Per Unneberg, J.J.M.P.C.F.M80OMCD: Method for evaluating protein
secondary structure from UV circular dichroism sjpac2001. p. 460-470.

Yang JT, Wu CS, and H. Martin€zalculation of protein conformation from
circular dichroism.Methods Enzymol. Vol130. 1986. 208-69.

Wolfgang Kabsch, C.®ictionary of protein secondary structure: Pattern
recognition of hydrogen-bonded and geometrical Uezd. Biopolymers,
1983.22(12): p. 2577-2637.

Benjwal, S., S. Verma, K.-H. Rohm, and O. ®&urdMonitoring protein
aggregation during thermal unfolding in circular afiroism experiments.
Protein Science, 2006: p. ps.051917406.

Gekko, K., K. Yamagami, Y. Kunori, S. Ichiharsl. Kodama, and M.
Iwakura. Effects of Point Mutation in a Flexible Loop on tB&ability and
Enzymatic Function of Escherichia coli Dihydrof@at Reductase.
Biochemical Journal, 199313(1): p. 74-80.

Hatsuho Uedaira, Shun Ichi Kidokoro, Masahivakura, Shinya Honda, and
S. Ohashi.Thermal Stability of Dihydrofolate Reductase and Rused
Proteins with OligopeptidesAnnals of the New York Academy of Sciences,
1990.613(10): p. 352-357.

Brandts, J.F. and L.N. Listudy of strong to ultratight protein interactions
using differential scanning calorimetrgiochemistry, 199029(29): p. 6927-
6940.

Sturtevant, J.M.Biochemical Applications of Differential Scanning
Calorimetry.Annual Review of Physical Chemistry, 1938: p. 463-488.

Hood K, B.P., Roberts GCircular-dichroism studies of ligand binding to
dihydrofolate reductase from Lactobacillus caseiXVH. Biochem J., 1979.
2(177): p. 425-32.

Deléage G and Geourjon @n interactive graphic program for calculating
the secondary structure content of proteins froroutar dichroism spectrum.
Computing Applied Biosciences, 1993.p. 197-199.

Merelo, J.J., M.A. Andrade, A. Prieto and For&h. Proteinotopic Feature
Maps.Neurocomputing, 1994: p. 443-454.

208



Fast proteins dynamics and its correlation to &gtand stability

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Yuk Yin Sham, B.M.C.-J., Tsai Ruth Nussin®faermal unfolding molecular
dynamics simulation of Escherichia coli dihydrotelareductase: Thermal
stability of protein domains and unfolding pathw&yoteins, 200246(3): p.
308-320.

Georlette, D., B. Damien, V. Blaise, E. Degiet, V.N. Uversky, C. Gerday,
and G. Feller. Structural and Functional Adaptations to Extreme
Temperatures in Psychrophilic, Mesophilic, and Thephilic DNA Ligases.
Journal of Biological Chemistry, 200378(39): p. 37015-37023.

Siddiqui, K.S., G. Feller, S. D'Amico, C. Gayd L. Giaquinto, and R.
Cavicchioli. The Active Site Is the Least Stable Structure e Wnfolding
Pathway of a Multidomain Cold-Adapted alpha-Amylaskurnal of
Bacteriology, 2005187(17): p. 6197-6205.

Sasso, S.P., R.M. Gill, J.C. Sari, O.S. Rimahd C.M. Briand.
Thermodynamic study of dihydrofolate reductase bimdii selectivity.
Biochimica et Biophysica Acta (BBA) - Protein Sttue and Molecular
Enzymology, 19941207(1): p. 74-79.

Ohmae, E., T. Kurumiya, S. Makino, and K. Gekkcid and Thermal
Unfolding of Escherichia coli Dihydrofolate Redusta Journal of
Biochemistry, 1996120(5): p. 946-953.

Ainavarapu, S.R.K., L. Li, C.L. Badilla, andJ FernandezLigand Binding
Modulates the Mechanical Stability of Dihydrofol&eductaseBiophysical
Journal, 200589(5): p. 3337-3344.

Ragone, RHydrogen-bonding classes in proteins and their gbation to
the unfolding reactionProtein Science, 20010: p. 2075-2082.

Stuhrmann, HSmall-angle scattering and its interplay with cefkigraphy,
contrast variation in SAXS and SANActa Crystallographica Section A,
2008.64(1): p. 181-191.

Wobbe, C.R., S. Mitra, and V. Ramakrishn8tructure of the capsid of
Kilham rat virus from small-angle neutron scatteyirBiochemistry, 1984.
23(26): p. 6565-6569.

Callow, P., A. Sukhodub, J.E. Taylor, and G{@eale.Shape and Subunit
Organisation of the DNA Methyltransferase M.Ahdl$mall-angle Neutron
ScatteringJournal of Molecular Biology, 200369(1): p. 177-185.

Lide, D.R.Physical Constants of Organic Compoun@RC Handbook of

Chemistry and Physics, 88th Edition (Internet Mamsi2008) CRC
Press/Taylor and Francis, Boca Raton, FL.

209



Fast proteins dynamics and its correlation to &gtand stability

173. Kushner, D., A. Baker, and T. DunstaPharmacological uses and
perspectives of heavy water and deuterated commo@ahadian journal of
physiology and pharmacology, 1999(2): p. 79-88.

174. Guild, W.R. and R.P. Van Tubergddeat Inactivation of Catalase in
Deuterium OxideScience, 1957125(3254): p. 939

175. Harrington, W.F. and P.H. von Hippé&ormation and stabilization of the
collagen-fold.Archives of Biochemistry and Biophysics, 1982(1): p. 100-
113.

176. Hermans, J.J. and H.A. Scheraghe thermally induced configurational
change of ribonuclease in water and deuteriiochimica Biophysica Acta,
1959.36: p. 534-5.

177. Brockwell, D., L. Yu, S. Cooper, S. McClelad,Cooper, D. Attwood, S.J.
Gaskell, and J. BarbelPhysicochemical consequences of the perdeuteriation
of glutathione S-transferase from S. japonicirotein Science, 20010(3):
p. 572-580.

178. Kresheck, G.C., H. Schneider, and H.A. Sclerdige Effect of D20 on the
Thermal Stability of Proteins. Thermodynamic Parterefor the Transfer of
Model Compounds from H20 to D2@he Journal of Physical Chemistry,
1965.69(9): p. 3132-3144.

179. Ahmed, A.l, D.T. Osuga, and R.E. Feemaytifreeze proteins from fishes:
freezing behavior in H20 and D2Biochem int, 19801: p. 41-46.

180. Di Costanzo, L., M. Moulin, M. Haertlein, F. eMeur, and D.W.
Christianson. Expression, purification, assay, and crystal stamet of
perdeuterated human arginaseArchives of Biochemistry and Biophysics,
2007.465(1): p. 82-89.

181. Meilleur, F., J. Contzen, D.A.A. Myles, andJong.Structural Stability and
Dynamics of Hydrogenated and Perdeuterated CytaoleroP450cam
(CYP101)Biochemistry, 200443(27): p. 8744-8753.

182. Fisher, S.J. and J.R. Helliwéln investigation into structural changes due to
deuteration Acta Crystallographica Section A, 20@8(3): p. 359-367.

183. Wishnia, A. and M. Saundei®&e Nature of the Slowly Exchanging Protons
of Ribonucleaselournal of the American Chemical Society, 199£22): p.
4235-4239.

184. Halevi, E.The secondary hydrogen isotope efféot.J Appl Radiat Isot.,
1960.7: p. 192-7.

210



Fast proteins dynamics and its correlation to &gtand stability

185. Daniel, R.M., M.J. Danson, and R. Eisentfide temperature optima of
enzymes: a new perspective on an old phenoméiends in Biochemical
Sciences, 20026(4): p. 223-225.

186. Peterson, M.E., R. Eisenthal, M.J. DansonSpence, and R.M. DanieA
new intrinsic thermal parameter for enzymes revéals temperature optima.
(vol 279, pg 20717, 2004)ournal of Biological Chemistry, 200880(50): p.
41784-41784.

187. Arrhenius, SOn the Reaction Velocity of the Inversion of Canga®s by
Acids.Zeitschrift fur Physikalische Chemie, 1889 p. 226.

188. Cornish-Bowden,Fundamentals of Enzyme Kineticdortland Press,
London,UK,(1995), pp193-197. 1995.

189. Thomas, T.M. and R.K. Scop@&se effects of temperature on the kinetics and
stability of mesophilic and thermophilic 3-phosplysgrate kinases.
Biochemical Journal, 199830(3): p. 1087-1095.

190. Eisenthal, R., M.E. Peterson, R.M. Daniel, &hd. Danson.The thermal
behaviour of enzyme activity: implications for leidtnology. Trends in
Biotechnology, 200624(7): p. 289-292.

191. Michelle E. Peterson, R.E., Michael J. Dangdastair Spence, and Roy M.
Daniel. A New Intrinsic Thermal Parameter for Enzymes Rlsv@aue
Temperature OptimaJournal of biological chemistry, 200£79(20): p.
20717-20722.

192. Peterson, M.E., R. Eisenthal, M.J. DansonSpence, and R.M. DanieA
new intrinsic thermal parameter for enzymes revéals temperature optima.
Journal of Biological Chemistry, 200279(20): p. 20717-20722.

193. Lee, C.K,, R.M. Daniel, C. Shepherd, D. S&C. Cary, M.J. Danson, R.
Eisenthal, and M.E. Petersorkurythermalism and the temperature
dependence of enzyme activitQ07. p. 1934-1941.

194. Daniel, R., M. Danson, R. Eisenthal, C. Lee] 8. PetersonThe effect of
temperature on enzyme activity: new insights andir thmplications.
Extremophiles, 2008.2(1): p. 51-59.

195. Daniel, R.M., Danson, M. J., Hough, D. W., L€e K., Peterson, M. E. and
Cowan, D. A.,Protein Adaptation in Extremophile2008: Nova Science
Publishers Inc. pp 1-34.

196. Artero, J.-B., M. Hartlein, S. McSweeney, &dTrimmins.A comparison of
refined X-ray structures of hydrogenated and petelated rat [gamma]E-

211



Fast proteins dynamics and its correlation to &gtand stability

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

crystallin in H20 and D20Acta Crystallographica Section D, 20@3(11):
p. 1541-1549.

Gornall, A.G., C.J. Bardawill, and M.M. DaviBetermination of serum
proteins by means of the Buiret reactidlournal of Biological Chemistry,
1949.177(2): p. 751-766.

Peterson, M.E., R.M. Daniel, M.J. Danson, Bné&isenthalThe dependence
of enzyme activity on temperature: determinationd awalidation of
parametersBiochemical Journal, 200402: p. 331-337.

Lee, C.K,, S.C. Cary, A.E. Murray, and R.M.nigh Enzymic Approach to
Eurythermalism of Alvinella pompejana and Its Epibyonts. Applied and
Environmental Microbiology, 20094(3): p. 774-782.

Lee, C.K., R.M. Daniel, C. Shepherd, D. S&IC. Cary, M.J. Danson, R.
Eisenthal, and M.E. PetersorEurythermalism and the temperature
dependence of enzyme activitgseb Journal, 200Z1(8): p. 1934-1941.

Brockwell D, Y.L., Cooper S, McCleland S, Ceo@\, Attwood D, Gaskell
SJ, Barber J. Physicochemical consequences of the perdeuteriadion
glutathione S-transferase from S. japonicuPnotein Sci. , 200110(3): p.
572-80.

Meilleur F, C.J., Myles DA, Jung Structural stability and dynamics of
hydrogenated and perdeuterated cytochrome P450ca@YP{01).
Biochemistry, 200443: p. 8744-8753.

Rokop S, G.L., Parmerter S, Crespi HL, Katz JJPurification and
characterization of fully deuterated enzymBschim Biophys Acta. , 1969.
191(3): p. 707-715.

Northrop, D.B.Uses of Isotope Effects in the Study of Enzymeshods,
2001.24(2): p. 117-124.

Northrop, D.B. and L.P. Daniéeuterium and tritium kinetic isotope effects
on initial rates in Methods in Enzymology1982, Academic Press. p. 607-
625.

Rokop, S., L. Gajda, S. Parmerter, H.L. Crempd J.J. KatARurification and
characterization of fully deuterated enzymB&chimica et Biophysica Acta
(BBA) - Enzymology, 1969191(3): p. 707-715.

Xuying, L., P. Langan, B. Hanson, and R. Vidlae effect of deuteration o
protein structure: a high-resolution comparison d&fydrogenous and
perdeuterated haloalkane dehalogenaseta Crystallographica Section D,
2007.63: p. 1000-1008.

212



Fast proteins dynamics and its correlation to &gtand stability

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Meng, F.-G., Y.-K. Hong, H.-W. He, A.E. Lyulear B.l. Kurganov, Y.-B.
Yan, and H.-M. ZhouOsmophobic Effect of Glycerol on Irreversible Thatm
Denaturation of Rabbit Creatine KinasBiophysical Journal, 20087(4): p.
2247-2254.

Lopez, M.M. and G.l. MakhatadZolvent isotope effect on thermodynamics
of hydration.Biophysical Chemistry, 19984(2): p. 117-125.

Hattori, A., H.L. Crespi, and J.J. Kat&ssociation and Dissociation of
Phycocyanin and the Effects of Deuterium Substitubn the Processes.
Biochemistry, 19654(7): p. 1225-1238.

Hattori, A., H.L. Crespi, and J.J. KaEffect of Side-Chain Deuteration on
Protein Stability Biochemistry, 19654(7): p. 1213-1225.

Yokogaki, S., K. Unno, N. Oku, and S. Okadaaperonin-Repairable Subtle
Incompleteness of Protein Assembly Induced by stfutibn of Hydrogen
with Deuterium: Effect of GroE on Deuterated Rilmadol,5-Bisphosphate
CarboxylasePlant and cell physiology, 19936(3): p. 419-423.

Makhatadze GIl, C.G., Gronenborn ABblvent isotope effect and protein
stability. Nature Structural Biology, 1992(10): p. 852-55.

Scott, E. and D.S. BernSompletely Deuterated Proteins. Ill. Deuteration
Effects on Protein-Protein Interaction in PhycocyarBiochemistry, 1967.
6(5): p. 1327-1334.

Banerjee, D. and S.K. P&onformational Dynamics at the Active Site of
alpha-Chymotrypsin and Enzymatic Activi2p08.24(15): p. 8163-8168.

Hoi Sung Chung, A.T.Temperature-dependent downhill unfolding of
ubiquitin. . Nanosecond-to-millisecond resolved nliveear infrared
spectroscopy2008. p. 474-487.

Cleland, W.WThe Use of Isotope Effects to Determine Enzyme ahésims.
Journal of Biological Chemistry, 200378(52): p. 51975-51984.

Appleman, J.R., E.E. Howell, J. Kraut, M. Kuahd R.L. BlakleyRole of
aspartate 27 in the binding of methotrexate to dibjolate reductase from
Escherichia coli.Journal of Biological Chemistry, 198263(19): p. 9187-
9198.

Ozaki, Y., R.W. King, and P.R. Caréyethotrexate and folate binding to
dihydrofolate reductase. Separate characterizatadnthe pteridine and p-
aminobenzoyl binding sites by resonance Raman rggecpy.Biochemistry,
1981.20(11): p. 3219-3225.

213



Fast proteins dynamics and its correlation to &gtand stability

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Poe, M., N.J. Greenfield, J.M. Hirshfield, M.Williams, and K. Hoogsteen.
Dihydrofolate reductase. Purification and charadtation of the enzyme
from an amethopterin-resistant mutant of Eschedcholi. Biochemistry,
1972.11(6): p. 1023-1030.

Cannon, W.R., B.J. Garrison, and S.J. Benkdvansideration of the pH-
dependent inhibition of dihydrofolate reductasengthotrexateJournal of
Molecular Biology, 1997271(4): p. 656-668.

Blakeley, M.P., P. Langan, N. Niimura, and Rodjarny. Neutron
crystallography: opportunities, challenges, anditations. Current Opinion
in Structural Biology, 2008L8(5): p. 593-600.

Glusker, J.P., M. Lewis, and M. Ros€lrystal Structure Analysis for
Chemists and BiologistsMethods in Stereochemical Analysis, ed. A.P.
Marchand. 1994: VCH publishers.

Smyth, M.S. and J.H.J. MartiX. Ray crystallographyJournal of Clinical
Pathology 200053(1): p. 8-14.

Blow, D.,Outline of crystallography for biologist2002, New york: Oxford
University Press.

Mark R Sanderson and J.V. Skellylacromolecular crystallography:
conventional and high-throuhput metho@6807: Oxford biosciences.

Lorber, B.To save crystallization dataActa Crystallographica Section D,
2001.57(4): p. 479.

Gibbs, J.WVector analysisReprinted in his collected works, 2nd edition,
1928.

Ewald P, PThe reciprocal lattice in the theory of structufeit Krist, 1921.
56: p. 129-156.

Hauptman, HPhasing methods for protein crystallograpl@urrent Opinion
in Structural Biology, 19977(5): p. 672-680.

Woolfon, V.G. Direct methods in crystallography by WoolfsoActa
Crystallographica, 19625(6): p. 626.

Rossmann, M.G. and D.M. Blowhe detection of sub-units within the
crystallographic asymmetric uniicta Crystallographica, 19625(1): p. 24-
31.

Patterson, A.An alternative interpretation for vector mapsActa
Crystallographica, 1942(5): p. 339-340.

214



Fast proteins dynamics and its correlation to &gtand stability

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

Navaza, J.Implementation of molecular replacement in AMplRe Acta
Crystallographica Section [2001. p. 1367-1372.

Murshudov, G.N., A.A. Vagin, and E.J. DodsoRrefinement of
macromolecular structures by the maximum-likelihoodethod. Acta
Crystallographica Section D-Biological Crystalloghy, 1997.53: p. 240-
255.

Vagin, A. and A. TeplyakovMOLREP: an Automated Program for
Molecular Replacemendournal of Applied Crystallography, 19930(6): p.
1022-1025.

McCoy, A.J., R.W. Grosse-Kunstleve, P.D. Adald®. Winn, L.C. Storoni,
and R.J. ReadPhaser crystallographic softwareJournal of Applied
Crystallography, 20040(4): p. 658-674.

Fisher, R.A.On the Mathematical Foundations of Theoretical iStas.
Philosophical Transactions of the Royal Society Laindon. Series A,
Containing Papers of a Mathematical or Physicalr&ttar, 1922222: p.
309-368.

Emsley, P. and K. CowtarCoot: model-building tools for molecular
graphics. Acta Crystallographica Section D, 2008D(12 Part 1): p. 2126-
2132.

Jones, Tinteractive electron-density map interpretationorft INTER to O.
Acta Crystallographica Section D, 20@&0(12 Part 1): p. 2115-2125.

Sheldrick, GA short history of SHELXActa Crystallographica Section A,
2008.64(1): p. 112-122.

Branden, C.-I. and T. Alwyn JoneBetween objectivity and subjectivity.
Nature, 1990343(6260): p. 687-689.

Kleywegt, G.J. and T.A. Jon&&here freedom is given, liberties are taken.
Structure, 19953(6): p. 535-540.

Brunger, AAAssessment of phase accuracy by cross validatimn:free R
value. Methods and applicationscta Crystallographica Section D, 1993.
49(1): p. 24-36.

Ramachandran, G.N. and G. KartB#&ucture of CollagenNature, 1954.
174(4423): p. 269-270.

Subramanian, E5.N. RamachandranNat Struct Mol Biol, 20018(6): p.
489-491.

215



Fast proteins dynamics and its correlation to &gtand stability

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

Laskowski, R.A., M.W. MacArthur, D.S. Moss, danJ.M. Thornton.
PROCHECK: a program to check the stereochemicalliguaf protein
structures.Journal of Applied Crystallography, 192&%(2): p. 283-291.

Luthy, R., J.U. Bowie, and D. EisenbefAgsessment of protein models with
three-dimensional profiledNature, 1992356(6364): p. 83-85.

Garman, E.'Cool' crystals: macromolecular cryocrystallographgnd
radiation damageCurrent Opinion in Structural Biology, 200B3(5): p. 545-
551.

Blewett, J.PSynchrotron Radiation; Early Historydournal of Synchrotron
Radiation, 19985(3): p. 135-139.

van der Veen, J.Bynchrotron light of the third and fourth generatie- how
to fill  the generation gap. SYNCHROTRON RADIATION
INSTRUMENTATION: Eighth International Conference o8ynchrotron
Radiation Instrumentation, 200405: p. 3-12.

Baruchel J, J.L. Hodeau, M.S. Lehman, J.-RgnBedl, and C. Schlenker,
HERCULES, neutron and synchrotron radiation for demsed matter
studies: Theory, instruments and methgds 1. 1993.

Perrakis, A., M. Harkiolaki, K.S. Wilson, aMdS. Lamzin.ARP/WARP and
molecular replacementActa Crystallographica Section D, 20(®/7(10): p.
1445-1450.

The CCP4 suite: programs for protein crystallogrgph Acta
Crystallographica Section D, 19%0(5): p. 760-763.

Evans, PScaling and assessment of data qual&gta Crystallographica
Section D, 200662(1): p. 72-82.

Kantardjieff, K.A. and B. Ruppatthews coefficient probabilities: Improved
estimates for unit cell contents of proteins, DNAd protein—nucleic acid
complex crystals€Protein Science, 20032(9): p. 1865-1871.

Weiss, M.Global indicators of X-ray data qualityJournal of Applied
Crystallography, 200134(2): p. 130-135.

Diederichs, K. and P.A. Karplubnproved R-factors for diffraction data
analysis in macromolecular crystallographyature Structural Biology, 1997.
4: p. 269-275.

Hirshfeld, F.L. and D. Rabinoviclireating weak reflexions in least-squares
calculations.Acta Crystallographica Section A, 1923(5): p. 510-513.

216



Fast proteins dynamics and its correlation to &gtand stability

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Badger, JAn evaluation of automated model-building procedum protein
crystallography Acta Crystallographica Section D, 20@3(5): p. 823-827.

Matthews, D.A., R.A. Alden, J.T. Bolin, S.TreEr, R. Hamlin, N. Xuong, J.
Kraut, M. Poe, M. Williams, and K. Hoogsteddihydrofolate reductase: x-
ray structure of the binary complex with methottexaScience, 1977.
197(4302): p. 452-455.

Bennett, B.C., F. Meilleur, D.A.A. Myles, E.Howell, and C.G. Dealwis.
Preliminary neutron diffraction studies of Eschéig coli dihydrofolate
reductase bound to the anticancer drug methotrexatéa Crystallographica
Section D-Biological Crystallography, 200&L: p. 574-579.

Berman, H.M., J.D. Westbrook, M.J. Gabanyi, o, R. Shah, A.
Kouranov, T. Schwede, K. Arnold, F. Kiefer, L. Bofig J. Kopp, M.
Podvinec, P.D. Adams, L.G. Carter, W. Minor, R. M\Naind J.L. BaerThe
protein structure initiative structural genomicsdwledgebaseNucleic Acids
Research, 20087(suppl_1): p. D365-368.

Anne Louise Morris, Malcolm W MacArthur, E Galutchinson, and J.M.
Thornton. Stereochemical quality of protein structure cooedes. 1992.
12(4): p. 345-364.

Kleywegt, GValidation of protein crystal structurescta Crystallographica
Section D, 200056(3): p. 249-265.

Vaguine, A.A., J. Richelle, and S.J. Wod&8ECHECK: a unified set of
procedures for evaluating the quality of macromaleac structure-factor data

and their agreement with the atomic moddta Crystallographica Section D,
1999.55(1): p. 191-205.

Farazi, T.A., G. Waksman, and J.l. Gordbme Biology and Enzymology of
Protein N-Myristoylation2001.276(43): p. 39501-39504.

Wood, A., A. Shilatifard, and C.C.a.J.W.C. Rlol) Posttranslational
Modifications of Histones by Methylatiom Advances in Protein Chemistry
2004, Academic Press. p. 201-222.

Hunter, T.Tyrosine phosphorylation: thirty years and countir@urrent
Opinion in Cell Biology.In Press, Corrected Proof.

Melton, R.G., C.N. Wiblin, R.L. Foster, and=RSherwoodCovalent linkage
of carboxypeptidase G2 to soluble dextrans--I: Fmdies of conjugates and
effects on plasma persistence in mi@ochemical Pharmacology, 1987.
36(1): p. 105-112.

217



Fast proteins dynamics and its correlation to &gtand stability

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Bickerstaff, G.Flmmobilization of Enzymes and Cell®96, Humana Press.
p. 1-11.

Davis, F.FThe origin of pegnologyAdvanced Drug Delivery Reviews, 2002.
54(4): p. 457-458.

Veronese, F.M. and G. Pas®EGylation, successful approach to drug
delivery.Drug Discovery Today, 20080(21): p. 1451-1458.

Abuchowski, A., J.R. McCoy, N.C. Palczuk, @&n\Es, and F.F. Davikffect

of covalent attachment of polyethylene glycol ormumogenicity and
circulating life of bovine liver catalaselournal of Biological Chemistry,
1977.252(11): p. 3582-3586.

Abuchowski, A., T. van Es, N.C. Palczuk, ané.Davis. Alteration of
immunological properties of bovine serum albumircbyalent attachment of
polyethylene glycollournal of Biological Chemistry, 197252(11): p. 3578-
3581.

Leader, B., Q.J. Baca, and D.E. GoRnotein therapeutics: a summary and
pharmacological classificatioNat Rev Drug Discov, 2008(1): p. 21-39.

Harris JM, C.REffect of pegylation on pharmaceuticaature Review Drug
Discovery, 20032(3): p. 214-221.

Hamidi, M., A. Azadi, and P. RafiePharmacokinetic Consequences of
Pegylation.Drug delivery, 200613(6): p. 399 - 409.

Veronese, F. and A. Merbhe impact of PEGylation on biological therapies.
BioDrugs, 200822(5): p. 315-329.

Morar, A.S., J.L. Schrimsher, and M.D. ChawEZGylation of Proteins: A
Structural ApproachBioPharm International, 2006.

Modi, M., N. Martin, J.E. Heathcote, K. Nidglor and S. Zeuzem.
Peginterferon alfa-2a (40 kDa) monotherapy: a noeglent for chronic
hepatitis C therapyExpert Opinion on Investigational Drugs, 200Q(12): p.

2201-2213.

Selam, J.Unhaled insulin for the treatment of diabetes: paip and devices.
Expert opinion in pharmacotherapy, 200@®): p. 1373-1377.

Siekmeier, R. and G. Scheubthaled insulin-does it become reality@unal
of Physiology and Pharmacology, 2068(6): p. 81-113.

Veronese, F.MPeptide and protein PEGylation: a review of probéeand
solutions.Biomaterials, 200122(5): p. 405-417.

218



Fast proteins dynamics and its correlation to &gtand stability

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

Bailon, P. and C.-Y. WoREG-modified biopharmaceuticalExpert opinion
on drug delivery, 200%(1): p. 1-16.

Roberts, M.J., M.D. Bentley, and J.M. Har@hemistry for peptide and
protein PEGylation Advanced Drug Delivery Reviews, 200@4(4): p. 459-
476.

Sato, H.Enzymatic procedure for site-specific pegylation mbteins.
Advanced Drug Delivery Reviews, 20(B4(4): p. 487-504.

Woghiren C, B. Sharma, and S. St&irotected thiol-polyethylene glycol: a
new activated polymer for reversible protein maaifion. Bioconjugate
chemistry, 19934(5): p. 314-318.

Ishii, Y. and S.S. LehreEffects of the state of the succinimido-ring on the
fluorescence and structural properties of pyrenelemade-labeled alpha
alpha-tropomyosinBiophysical Journal, 19860(1): p. 75-80.

Goodson, R. and N. KatreSite-directed pegylation of recombinant
interleukin-2 at its glycosylation sitBiotechnology 19908(4): p. 343-346.

Morpurgo, M., F.M. Veronese, D. Kachensky, drd. Harris.Preparation
and Characterization of Poly(ethylene glycol) Vir§tilfone.Bioconjugate
chemistry, 19967(3): p. 363-368.

Svergun, D.I., F. Ekstrom, K.D. Vandegriff, Malavalli, D.A. Baker, C.
Nilsson, and R.M. WinslowSolution Structure of Poly(ethylene) Glycol-
Conjugated Hemoglobin Revealed by Small-Angle X-FSoattering:
Implications for a New Oxygen TherapeutBiophysical Journal, 2008.
94(1): p. 173-181.

Yanling Lu, S.E. Harding, A. Turner, B. SmilhS. Athwal, J.G. Grossmann,
K.G. Davis, and A.J. RoweEffect of PEGylation on the solution
conformation of antibody fragmentdournal of pharmaceutical sciences,
2008.97(6): p. 2062-2079.

Fee, C.J. and J.M. Van Alstirferediction of the Viscosity Radius and the
Size Exclusion Chromatography Behavior of PEGylat&toteins.
Bioconjugate chemistry, 20045(6): p. 1304-1313.

Veronese, F.M., P. Caliceti, and O. Schiav@8nanched and Linear
Poly(Ethylene Glycol): Influence of the PolymeruSture on Enzymological,
Pharmacokinetic, and Immunological Properties ofotein Conjugates.
Journal of Bioactive and Compatible Polymers, 192¢3): p. 196-207.

219



Fast proteins dynamics and its correlation to &gtand stability

296.

297.

298.

299.

300.

301.

302.

308.

304.

305.

306.

307.

Harris JM, Veronese FM, Caliceti P, and SabmavO. Multiarmed,
monofunctional, polymer for coupling to moleculesl surfaceslUSA patent
US5932462, 1999.

Heymann, B. and H. Grubmillé&lastic properties of poly(ethylene-glycol)
studied by molecular dynamics stretching simulaioBhemical Physics
Letters, 1999307(5-6): p. 425-432.

Oesterhelt, F., M. Rief, and H.E. Ga8imgle molecule force spectroscopy by
AFM indicates helical structure of poly(ethylengagl) in water. New
Journal of Physics, 1999(6): p. 6-11.

Fee, C.JSize comparison between proteins PEGylated witindivad and
linear poly(ethylene glycol) moleculeBiotechnology and Bioengineering,
2007.98(4): p. 725-731.

Flory, P.Principles of polymer chemistrylthaca, New York: Cornell
University Press, 1953.

Nakaoka, R., Y. Tabata, T. Yamaoka, and Ydak#&rolongation of the
serum half-life period of superoxide dismutase ljy(ethylene glycol)
modification.Journal of Controlled Release, 1988(3): p. 253-261.

Venturoli, D. and B. Ripp€&icoll and dextran vs. globular proteins as probes
for testing glomerular permselectivity: effects wilecular size, shape,
charge, and deformabilityAmerican journal of physiology, renal physiology,
2005.288(4): p. F605-613.

Molek, J.R. and A.L. Zydneyltrafiltration characteristics of pegylated
proteins.Biotechnology and Bioengineering, 20@6(3): p. 474-482.

Bradford, M.M. A rapid and sensitive method for the quantitatioh o
microgram quantities of protein utilizing the pripke of protein-dye binding.
Analytical Biochemistry, 197672(1-2): p. 248-254.

Pabst, T.M., J.J. Buckley, and A.K. Hunt€omparison of strong anion-
exchangers for the purification of a PEGylated pint Journal of
Chromatography A, 20071.147(2): p. 172-182.

Yamamoto S, Fujii S, Yoshimoto N, and Akbaetddleh P.Effects of
protein conformational changes on separation perfance in electrostatic
interaction chromatography: unfolded proteins and&EG¥ylated proteins.
Journal of Biotechnology, 200732(2): p. 196-201.

Digilio, G., L. Barbero, C. Bracco, D. CorpillP. Esposito, G. Piquet, S.
Traversa, and S. AimeNMR Structure of Two Novel Polyethylene Glycol

220



Fast proteins dynamics and its correlation to &gtand stability

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Conjugates of the Human Growth Hormone-ReleasinggdfahGRF(1-29)-
NH2. Jounal of the American Chemical Society, 2QE%(12): p. 3458-3470.

Kurfarst, M.Detection and molecular weight determination ofypthylene
glycol-modified hirudin by staining after sodium ddoyl sulfate-
polyacrylamide gel electrophoresi&nalytical Biochemistry, 199200(2): p.
244-248.

Hinds, K.D. and S.W. Kinkffects of PEG conjugation on insulin properties.
Advanced Drug Delivery Reviews, 20@2(4): p. 505-530.

Long, D.L., D.H. Doherty, S.P. Eisenberg, [3hith, M.S. Rosendahl, K.R.
Christensen, D.P. Edwards, E.A. Chlipala, and G@ax. Design of

homogeneous, monopegylated erythropoietin analatys preserved in vitro

bioactivity. Experimental Hematology, 20084(6): p. 697-704.

Dong Hee Na, Y.S.Y.K.C.IMatrix-assisted laser desorption/ionization time-
of-flight mass spectrometry for monitoring and op#ation of site-specific
PEGylation of ricin A-chainRapid communications in mass spectrometry,
2004.18(18): p. 2185-2189.

Hagel, L.Gel filtration. In Protein Purification: Principlegligh Resolution
Methods and Application$989, J.C. Janson and L. Ryden editions, VCH
Publishers: New York. p. 63-106.

Brent Irvine, G.Unit 5.5: Determination of Molecular Size by Sizecksion
Chromatography (Gel Filtration)in Current Protocols in Cell Biology2000,
John Wiley & Sons.

Chunyang Y Zheng, Guanghui Ma, and Z. ISative PAGE eliminates the
problem of PEG-SDS interaction in SDS-PAGE and idessan alternative to
HPLC in characterization of protein PEGylatiorkElectrophoresis, 2007.
28(16): p. 2801-2807.

Odom, O.W., W. Kudlicki, G. Kramer, and B. Hesty. An Effect of
Polyethylene Glycol 8000 on Protein Mobility in $od Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis and a Method feiminating This
Effect. Analytical Biochemistry, 1997245(2): p. 249-252.

Irvine, G.,Unit 5.5: Determination of Molecular Size by Sizelsion
Chromatography (Gel Filtration)in Current Protocols in Cell Biology2000,
John Wiley & Sons.

Teraoka, |I. Calibration of Retention Volume in Size Exclusion

Chromatography by Hydrodynamic Raditddacromolecules, 20087(17): p.
6632-6639.

221



Fast proteins dynamics and its correlation to &gtand stability

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Veronese FM and J. Harristroduction and overview of peptide and protein
pegylation.Advanced Drug Delivery Reviews, 20@2(4): p. 453-456.

L.A. Feigin and D.l. Svergustructure Analysis by Small-Angle X-Ray and
Neutron Scatteringed. Plenum Press. 1987, New York.

Lee, J. and D. BernBrotein aggregation. The effect of deuterium oade
large protein aggregates of C-phycocyaniBiochemical Journal, 1968.
110(3): p. 465-470.

Pace, C.N., B.A. Shirley, M. McNutt, and K.jfala. Forces contributing to
the conformational stability of proteinBaseb Journal, 19980(1): p. 75-83.

Frauenfelder, HEnergy landscape and dynamics of biomolecules Hgtén
abstract.Journal of Biological Physics, 2005L(3-4): p. 413-416.

Daniel, R.M., M.J. Danson, R. Eisenthal, OLKe, and M.E. Petersohlew
parameters controlling the effect of temperature enzyme activity.
Biochemical Society Transactions, 20035(6): p. 1543-1546.

Hitchings, G., H.Selective Inhibitors of Dihydrofolate Reductase l{dlo
Lecture). Angewandte Chemie International Edition in Engli$889.28(7):
p. 879-885.

Kroemer, R.TStructure-Based Drug Design: Docking and Scori@grrent
Protein & Peptide Science, 20@{4): p. 312-328.

Sousa, S.F., P.A. Fernandes, and M.J. Ramosein-ligand docking:
Current status and future challengeBroteins: Structure, Function, and
Bioinformatics, 200665(1): p. 15-26.

B-Rao, C., J. Subramanian, and S.D. Shakfaaaging protein flexibility in
docking and its applicationdDrug Discovery Todayln Press, Corrected
Proof.

Totrov, M. and R. Abagyarklexible ligand docking to multiple receptor
conformations: a practical alternativ€urrent Opinion in Structural Biology,
2008.18(2): p. 178-184.

Lerner, M.G., A.L. Bowman, and H.A. Carlsdncorporating Dynamics in
E. coli Dihydrofolate Reductase Enhances StrucBased Drug Discovery.
Journal of chemical information and modeling, 200/(6): p. 2358-2365.

Wang, L., S. Tharp, T. Selzer, S.J. Benkositg A. Kohen.Effects of a

Distal Mutation on Active Site ChemistBiochemistry, 200645(5): p. 1383-
1392.

222



Fast proteins dynamics and its correlation to &gtand stability

331. Wong, K.F., T. Selzer, S.J. Benkovic, and 8mkhes-Schifferimpact of
distal mutations on the network of coupled motionsrelated to hydride
transfer in dihydrofolate reductasroceedings of the National Academy of
Sciences of the United States of America, 2002(19): p. 6807-6812.

223



Abstract

The aim of this thesis is to investigate the rdid¢agt protein dynamics (pico-
second timescale) in enzyme activity and stabilapd specifically to test the
hypothesis that enzyme activity and stability areersely related by their internal

dynamics.
Activity O Dynamics (flexibility) O I/Stability

In order to test this hypothesis, the well knowti-aancer drug: methotrexate
was used as an informative ligand in the networtaldished between these
properties. A multidisciplinary approach combinimgutron scattering, circular
dichroism, UV absorption, isothermal titration aaeetry and X-ray crystallography
was undertaken to examine the current paradigmgutsia enzyme: dihydrofolate
reductase as a model.

As inferred by neutron spectroscopy, the bindingM¥X influences the
dynamical behavior of DHFR. Macromolecular dynansash as the resilienceksx<
(i.e. structural rigidity) was found to be incredsand, inversely, the flexibility
decreased upon MTX binding. In addition, as rewkddg circular dichroism, this
dynamical dependency upon MTX binding was correlath an enhanced thermal
stability. Compared to the free enzyme, the meltiexgperature was found to be
increased by 13.8 °C in the presence of MTX. Tlngittory power of MTX was also
examined by steady state kinetics and isothernaition calorimetry. The Kfor
MTX was found to be in the nanomolar range= KL0.9 nM. Using isothermal
titration calorimetry, the binding thermodynamigrsature between MTX and DHFR
was characterized. The binding event was founcettaipely favourableNGp=-12.1
Kcal mol?), enthalpy driven&Hy= -16.8 Kcal maof) with an unfavourable entropy
AS,=-15.6 cal K'mol™.

In conclusion, the modulation of the macromolecugnamics may reflect
how specific conformations are favoured for subsatjprotein function in response
of the binding of specific ligand and how conforimoatl substates approach to

protein function. In this context the unprecedemeder of transition state analogs
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such as MTX on protein function might therefore dependent on fast protein

dynamics.

Keywords: Incoherent neutron scattering, circul&hibism, isothermal titration

calorimetry, steady state kinetics, dihydrofolaductase, methotrexate.
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