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Abstract 

It is generally accepted that enzymes require internal flexibility, or the activation 

of anharmonic motions, for catalytic activity. However, in general, the timescales 

and forms of the functionally important motions coupled to progress along the 

reaction pathway remain poorly understood. A number of biophysical studies 

have shown that protein dynamics undergo a temperature-dependent transition 

from harmonic to anharmonic motion. The purpose of this study was to further 

investigate the relationship between protein dynamics and catalytic activity, and 

also to investigate the nature of the observed dynamic transition. 

The activity and dynamics of the single subunit enzyme xylanase, were measured 

under similar conditions, from -70 to + I 0°C. The activation of anharmonic 

picosecond-timescale motions is seen above -50°C, whereas the activity was seen 

to follow Arrhenius behaviour over the entire temperature range investigated. 

This result suggests that the enzyme rate-limiting step is independent of fast 

anharmonic motions below -50°C. Cryoenzymology studies of the temperature 

dependence of catalase and alkaline phosphatase activity showed no deviations 

from Arrhenius behaviour down to temperatures near -100°C. These results, as 

well as earlier studies on glutamate dehydrogenase, indicate that the observed 

independence of low temperature activity on global anharrnonic picosecond­

timescale motion may be a general property of both single- and multi-subunit 

enzymes. 

Characterisation of cryosolvent properties, such as viscosity and phase changes, 

by DSC, DMTA, and X-ray scattering techniques, was used to select cryosolvents 

suitable for low temperature dynamic and activity measurements. A cryosolvent 

consisting of 70%methanol/l 0% ethylene glycol/20% water was particularly 

ideal, as it was the least viscous and free of phase-changes down to at least 

-160°C. 

The effect of cryosolvents on enzyme properties was investigated, to enable the 

effect of solvent and temperature on the enzyme to be distinguished. The effect of 

varying solution composition on the picosecond timescale dynamics of xylanase 

was investigated by dynamic neutron scattering. The results indicate a significant 
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effect of the solvent, as the picosecond fluctuations of the protein solution largely 

follow that of the corresponding pure solvent. The results also indicate that the 

picosecond-timescale atomic motions respond strongly to melting of pure water, 

but are relatively invariant in cryosolvents of differing compositions and melting 

points. 

The temperature dependence of the dynamic transition observed for glutamate 

dehydrogenase-cryosolvent solutions was also determined. Dynamic neutron 

scattering experiments were performed with two instruments of different energy 

resolutions, allowing the separate determination of the average dynamical mean­

square displacements on timescales of up to approximately 100 ps and 5 ns. The 

results showed a significant dependence on the timescale of the temperature 

profile of the mean-square displacement. The lowest temperature at which 

anharmonic motion is observed is dependent on the time window of the 

instrument used to observe the dynamics. These results suggest that the 

temperature dependence of the dynamic transition in average protein motions is 

timescale dependent. A possible explanation is that motions over a given 

timescale are progressively replaced by slower motions, as the temperature is 

reduced. 
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Preface 

The research for this thesis was conducted as part of an international collaboration 

to study the relationship between protein dynamics and enzyme activity. The 

group leaders are Prof. Roy Daniel, Prof. John Finney and Dr. Jeremy Smith, who 

provide expertise on enzyme catalysis, protein-solvent interactions, and molecular 

dynamics simulations, respectively. Due to the collaboration between groups, the 

research is obviously divided, with each group primarily contributing to their area 

of expertise. My role in the collaboration was primarily related to the 

cryoenzymology studies of several enzymes, to enable comparison with the 

dynamic data. I was also involved in the optimisation of enzyme assay 

procedures, and the further selection and characterisation of cryosolvents. 

In many parts of this thesis, my own work has been placed in the context of the 

overall research effort. Where this has occurred, a clear distinction is made as to 

who conducted each part of research. It is felt that the presentation of the work in 

this context is necessary to enable the rationale for the conclusions to be evident. 

In Chapter Two the later DSC characterisation of cryosolvents was primarily my 

work, while the X-ray scattering and early DSC data, published in the paper 

included in Appendix A, were conducted by other members of the research group. 

In Chapter Three my work included the DSC characterisation of protein­

cryosolvent solutions, and the determination of xylanase stability and activity. 

However, the neutron scattering data of protein-cryosolvent solutions was 

analysed by other members of the research group, although I was present to assist 

in sample preparation and loading. The cryoenzymology trials of Chapter Four 

were all my own work. It should be noted that the Rt8B.4 xylanase discussed in 

this chapter is different to the Thermotoga xylanase that was used in all other 

work mentioned throughout the thesis. Chapter Five contains the published paper 

on the temperature dependence of enzyme reactions (Bragger et al., 2000). I 

performed the cryoenzymology work with alkaline phosphatase, while another 

member of the research performed the cryoenzymology work with catalase. I was 

not directly involved in the dynamic neutron scattering experiments detailed in 

Chapter Six. 
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The published papers from this work are attached in the Appendices to enable 

easy access to the results of the research group as a whole. A statement 

concerning my contribution is given at the beginning of each of these papers. The 

majority of the xylanase cryoenzymology data and all of the glutamate 

dehydrogenase cryoenzymology data presented in Appendices D and C, 

respectively, were obtained as part of my Masters research. 
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Chapter One 

Introduction 

1.1 Introduction 

It is widely accepted that enzymes require internal flexibility for catalytic activity 

( e.g., Frauenfelder et al., 1979; Artymiuk et al., 1979; Karplus and Petsko, 1990; 

Gerstein et al., 1994; Brooks et al., 1988; Huber and Bennett, 1983). It is implicit 

in the concept of the induced fit (Koshland, 1958; Yankeelov and Koshland, 

1965) that an enzyme must flex over a timescale in keeping with its catalytic­

centre activity. 

A number of biophysical studies have shown that a transition in the equilibrium 

fluctuation of several proteins occurs at approximately 200 to 220 K (refer to 

references below). Below the transition temperature, the overall motion of groups 

of atoms ceases, and all that remains are the harmonic vibrations of the individual 

atoms. Above the transition temperature, the anharmonic dynamics may involve 

continuous and/or jump diffusion between potential energy wells associated with 

'conformational substates' of slightly different structure in which the proteins are 

trapped below the transition temperature (Elber and Karplus, 1987; Kneller and 

Smith, 1994; Frauenfelder et al., 1979). Correlations have been found between 

protein function, such as ligand binding or proton pumping, and the presence of 

anharmonic motion (Ferrand et al., 1993; Rasmussen et al., 1992). These results 

suggest that protein function will also cease at the dynamic transition temperature, 

due to the observed dependence of activity upon flexibility. 

The increased flexibility of proteins above the transition temperature may indeed 

be necessary for some proteins to rearrange their structures to achieve functional 

conformations. However, the timescales and forms of the functionally important 

motions remain poorly understood. Recent studies on mesophilic and 

thermophilic enzymes have demonstrated activity at temperatures below the 

dynamic transition temperature (More et al., 1995; Daniel et al., 1998). This 

indicates that the rate-limiting step is independent of the transition observed in the 
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picosecond timescale dynamics. The direct comparison of activity with dynamic 

measurements was made with the large, multi-subunit enzyme glutamate 

dehydrogenase. However, it is not clear whether the observed dependence of 

activity on picosecond dynamics can be applied to all enzymes. Both the enzyme 

assays and dynamic measurements were made on cryosolvent solutions containing 

the enzyme. This enabled the subzero determination of enzyme activity, and 

ensured that the activity and dynamic data were comparable. 

The current research focused on several areas of further exploration, from the 

preliminary work mentioned above. 

Initially, the applicability of the observed independence of the rate-limiting step 

on picosecond dynamics was determined by conducting similar experiments on 

the small, single subunit enzyme, xylanase. 

Another goal of this work was to try and attempt activity measurements at 

significantly lower temperatures than previously determined. There were also 

indications that dynamic transitions were present at temperatures lower than that 

previously detected. Therefore, to enable correlations between activity and lower 

temperature dynamic transitions, it was important to measure activity to as low a 

temperature as possible. 

To further understand the nature of dynamic transitions in proteins, it is also 

important to characterise solvent effects. Solvent can in principle affect protein 

dynamics by modifying the effective potential surface of the protein and/or by 

frictional damping (Brooks and Karplus, 1989; Smith et al., 1990). To enable the 

dependence of dynamics on the solvent environment to be determined, 

measurements of protein dynamics were conducted on enzyme samples dissolved 

in a range of cryosolvents. 

The timescale dependence of the dynamic transition observed for proteins was 

also determined. This was accomplished by conducting parallel dynamic 

measurements on different timescales. 

In conjunction with the above experiment, investigations to find and characterise 

an ideal low temperature cryosolvent were conducted. 
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1.2 Protein Dynamics 

1.2.1 Structure of Proteins 

A discussion of the primary protein structure shall initially be covered as it is 

useful in demonstrating the origin of the inherent flexibility of proteins. Each 

protein consists of a polypeptide chain formed from amino acids linked together 

by peptide bonds. The polypeptide chain is composed of repeating units that 

differ in their substituent groups, or side chains. The sequence of amino acids is 

referred to as the primary structure. The structure of a short section of 

polypeptide chain is shown in Figure 1.1. 

~ residue 2+residue 3--j 

Figure 1.1. Structure of a polypeptide chain. The covalent bonds and bond angles are rather 
rigid, but sizable rotations can occur around certain bonds. The dihedral angles 0;, 'I'; and 
0>;, measure the torsion around the bonds in the backbone of residue i. The labels R; 
represent the side chains. Reproduced from McCammon and Harvey, 1987. 

The polypeptide chain is intrinsically flexible as many of the covalent bonds that 

occur in its backbone and side chain are rotationally permissive (McCammon and 

Harvey, 1987). Rotation around the dihedral angles, 0 and 'P, of the main chain is 

permitted. The dihedral angle, ro, is relatively rigid with respect to twisting due to 

the partial double bond character of the C-N bond. Also, all of the side chains, 

except glycine, have one or more single bonds about which internal rotation can 

occur. The main limitation to rotation for the backbone dihedral angles, 0 and 'P, 

arises from non-bonded interactions. The steric repulsion caused by the overlap 

of atoms, make certain values for 0 and 'P energetically unfavourable. 
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1.2.2 Diversity of Protein Dynamics 

This section will be a brief overview of the dynamical motions found in proteins. 

For a comprehensive coverage of protein dynamics refer to McCammon and 

Harvey ( 1987) and Brooks et al. ( 1988). 

Due to the intrinsic flexibility of the primary structure of proteins, proteins have a 

wide variety of internal motions. The groups linked by the rotationally permissive 

covalent bonds are themselves comparatively rigid, for example the CONH 

peptide group and the ring in the tyrosine side chain, and constitute the 

fundamental dynamical elements in a protein molecule (McCammon and Harvey, 

1987). Within these groups, only small atomic displacements occur due to the 

cost of deforming bond lengths, bond angles, and dihedral angles about multiple 

bonds. The important motions in proteins involve the relative displacement of 

such groups. This yields a vast dynamical spectrum that ranges from the rapid 

local motions of the individual groups to slow collective distortions of large 

regions within the molecule. High frequency vibrations of the atoms occur within 

the groups, but do not affect the relative displacements. The motions cover a wide 

range of amplitudes (0.01 to 100 A) and timescales (10-15 to> 1 s). The types of 

internal motions have been summarized in Table 1.1. 

Because of the high packing density in protein molecules, their atomic motion 

displays similarities to that seen in other dense materials. Over short periods of 

time (:'.S 10-12 s), the small amplitude motions (:'.S 0.2 A) show similarities to the 

motions of a molecule in a liquid. The groups display rattling motions in a cage 

consisting of the neighbouring atoms, or surrounding solvent if the group is at the 

protein surface. For many processes with longer characteristic times, the types of 

motions that develop are typical of solid materials. This is expected as the atoms 

in a protein have definite average positions corresponding to the native molecular 

structure (McCammon and Harvey, 1987). More substantial displacements of 

groups of atoms occur over longer time intervals, and involve concomitant 

displacements of the cage atoms (Brooks et al., 1988). These collective motions 

may have either a local or rigid-body character. Local motions involve changes in 

the cage structure and the relative displacement of the neighbouring groups. Such 

motions are subject to large restoring forces associated with the distortion of the 
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cage surrounding the group. An example of such a motion is the rotational 

isomerisation of the tyrosine rings, corresponding to an 180° change in the 

dihedral angle. Rigid-body motions involve the relative displacement of different 

regions of the protein, but only small changes on a local scale. The distortion is 

therefore distributed over many residues in the molecule, and the protein can be 

thought of as behaving like a continuous elastic material (McCammon and 

Harvey, 1987). The hinge bending motion that occurs in proteins with two 

globular domains is a good example of a rigid-body motion. A useful collection 

of known examples of domain movements in proteins is given by Gerstein et al. 

(1994). 

In addition to the local structural transitions and global elastic motions, proteins 

undergo more complicated dynamics on long timescales. The native 

conformation of a protein comprises a large number of slightly different structures 

that correspond to local minima in the potential energy surface of the system. The 

interconversion between some of these substates may occur on a comparatively 

long timescale. Transitions among some of these substates are of biological 

importance, for example, binding of an appropriate regulatory ligand may increase 

the population of substates with greater activity. The global character of some 

transitions is due to the dense packing of the proteins, as movement in one region 

will depend on the small rearrangements of surrounding regions. 

The relationship between the various fluctuations occurring in proteins has been 

discussed by a number of authors. Brooks et al. (1988) suggested that the small­

amplitude fluctuations are essential to all other motions in proteins, and "serve as 

the "lubricant" that makes possible larger-scale displacements, such as domain 

motions, on a physiological time scale. A similar statement was given by 

McCammon and Harvey ( 1987), who proposed that the "fast motions represent a 

kind of dynamic background that partly determines the nature of all slower 

motions". Similar conclusions have been made from dynamic studies on, for 

example, myoglobin (Doster et al., 1989) and bacteriorhodopsin (Lehnert et al., 

1998). 
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Table 1.1. Internal motions of proteins. Adapted from Brooks et al. (1988). 

I. Local motions (0.01 to 5 A, 10·15 to 10·1 s) 

a) Atomic fluctuations 

1. Small displacements required for substrate binding 
2. Flexibility required for 'rigid-body' motion 
3. Energy 'source' for barrier crossing and other activated processes 

b) Side chain motions 

II. 

1. Opening pathway for ligand to enter and exit 
2. Closing active site 

c) Loop motions 
1. Disorder-to-order transition 
2. Rearrangement as part of rigid-body motion 

d) Terminal arm motions 
I. Specificity of binding 

Rigid-body motions (1 to 10 A, 10·9 to I s) 

a) Helix motions 
1. Induction of large-scale structural change 
2. Transitions between substates 

b) Domain (hinge-bending) motions 
1. Opening and closing of active-site region 
2. Increasing binding range of antigens (antibodies) 

c) Subunit motions 
1. Allosteric transitions (hemoglobin) 

III. Large-scale motions (>5 A, 10·7 to 104 s) 

a) 

b) 

c) 

d) 

Helix-coil transition 
I. Activation of hormones (glucagons) 
2. Protein folding transition 

Dissociation/association and coupled structural changes 
1. Formation of viruses 
2. Activation of all fusion proteins 

Opening and distortional fluctuations 
1. Binding and activity (calcium-binding proteins) 

Folding and unfolding transition 
1. Synthesis and degradation of proteins 
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1.2.3 Effect of Temperature on Protein Dynamics 

A number of studies have investigated the effect of temperature on protein 

structure and dynamics. Frauenfelder et al. (1987) studied the thermal expansion 

of metmyoglobin crystals, by analysis of the refined crystal structures at 80 K and 

255 to 300 K. The internal volume occupied by myoglobin increased by 

approximately 3% on heating from 80 K to 300 K. The internal volume change 

was attributed to an increase in the small, subatomic free volumes between the 

atoms. Expansion of the protein is non-uniform, with particular regions of the 

protein showing greater changes between the low temperature and room 

temperature structures. Thermal expansion occurred mainly in the protruding 

loops, implying a lower thermal sensitivity for the tightly packed protein core. 

The anisotropy of the thermal expansion reflects the distribution of interactions 

that stabilise the average structure and govern the fluctuations. 

Protein dynamics has also been shown to be affected by temperature. The most 

interesting phenomenon is a 'sharp' transition observed in protein dynamics at 

approximately 180 K to 220 K. A variety of enzymes have been studied by 

different techniques, and have all shown a similar transition temperature in the 

observed dynamics. The timescales of the motions detected by each technique 

vary from approximately 10-7 s, for Mossbauer spectroscopy, to approximately 

10-12 to 10·13 s, for neutron scattering. X-ray diffraction studies of metmyoglobin 

(Hartmann et al., 1982) and ribonuclease-A (Tilton et al., 1992) show transitions 

in the mean-square displacement of particular atoms at approximately 200 K. 

Mossbauer spectroscopy on deoxymyoglobin crystals (Parak et al., 1982; 

Bauminger et al., 1983) and metmyoglobin crystals (Bauminger et al., 1983), 

showed a transition in the dynamics at approximately 200 to 220 K. A number of 

proteins have been studied by neutron scattering, including hydrated powders of 

superoxide dismutase (Filabozzi et al., 1996) and myoglobin (Doster et al., 1989; 

Cusack and Doster, 1990), and bacteriorhodopsin in hydrated purple membranes 

(Ferrand et al., 1993; Fitter et al., 1997), and have also shown low temperature 

transitions in the dynamics of these proteins. The transition occurred at 

approximately 180 to 220 K for myoglobin and superoxide dismutase, and at 

approximately 220 to 230 K for bacteriorhodopsin. Conformational dynamics 
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within the complex between Zn-substituted cytochrome c peroxidase and 

cytochrome c, was studied by examining the fluorescence quenching of the triplet 

state of the zinc in the cytochrome c peroxidase by the ferriheme of cytochrome c. 

A transition region was seen in the decay traces of the complex from 220 to 250 K 

(Nocek et al., 1991). 

Some refer to the observed transition in protein dynamics workers as the 'glass 

transition', due to· certain characteristic features that are also found in the 

dynamics of dense glass-fonning systems (lben et al., 1989; Angell, 1995). 

Below the glass transition, the protein motions are purely harmonic vibrations of 

the atoms. In the inelastic neutron scattering studies on myoglobin by Doster et 

al. (1989), the elastic intensity at temperatures between 4 and 180 K had the 

Gaussian form expected for a harmonic solid. The vibrational motion can be 

described by a Debye-Waller factor, where the mean-square displacement, (~x2>, 

increases linearly with temperature. 

Above the glass transition temperature, anharmonic motions become apparent, in 

addition to the harmonic vibrations of the atoms. In the neutron scattering 

experiments by Doster et al., (l 989), an extra decrease in the elastic intensity at 

low q (where q is the scattering wave factor) is observed above the glass transition 

temperature near 200 K. This is proposed to indicate the excitation of new 

degrees of freedom. In the studies by Filabozzi et al. ( 1996), a marked decrease in 

the elastic intensity above the transition temperature was also seen. The 

anhannonic contribution is attributed to the onset of torsional jumps of protons 

among distinct sites with slightly different energy, i.e. confonnational substates. 

The decrease in elastic intensity is compensated for by an increase in the 

quasielastic scattering, which is seen as a broad continuous region centered about 

the elastic peak. Quasielastic scattering is due to stochastic processes that occur 

over long timescales, for example, rotational or diffusive motions that involve the 

crossing of energy barriers (Loncharich and Brooks, 1990). 

From an analysis of the quasielastic spectra, obtained by subtraction of the 

vibrational background, two spectral components with different shape and 

temperature dependency were recognised (Doster et al., 1989). The first was a 

fast ~-process, with a broad line that increased in intensity with increasing 
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temperature, consistent with local jumps between different energy states. A 

slower a-process was also identified, where the linewidth broadened with 

increasing temperature. These processes were compared to the results derived 

from a mode coupling theory of the liquid glass transition in a hard-core liquid. A 

detailed discussion of mode coupling theory and its relationship to protein 

dynamics is given by Doster et al. (1990). The a-process reflects a collective 

effect, its shape arising as a result of non-linear coupling between density 

fluctuations. The B-process corresponds to local motions of the atoms in the cage 

formed by their neighbours. It is suggested that the diffusive motions in proteins 

resemble those in other close-packed systems dominated by hard-core 

interactions. Therefore, Doster et al. ( 1989) proposed that the dynamical features 

of myoglobin suggest a coupling of fast local motions to slower collective 

motions. 

A later analysis of the neutron scattering data from myoglobin was conducted by 

Kneller and Smith (1994), and leads to an alternative explanation for the non­

vibrational component of the dynamics. When the dihedral angles were 

constrained in a molecular dynamics simulation, the resulting rigid side chain 

motions were found to account for the full dynamics. The non-vibrational 

contribution to the mean-square displacements was therefore attributed to the 

liquid-like diffusive motions of the side chains, rather than conformational 

transitions in the side chains themselves. 

As mentioned already, the transition in protein dynamics has also been observed 

in X-ray diffraction studies of crystals, and is manifested as a transition in the 

mean-square displacement. The effect of temperature on the crystal structure of 

ribonuclease-A was studied by Tilton et al. (1992). The average mean-square 

displacement showed a biphasic behaviour, with the transition occurring at 

approximately 200 K. Histograms of the individual Debye-Waller factors 

indicated that, as well as an increase in the overall Debye-Waller factor with 

temperature, a broadening of the distribution occurred. The more complicated 

distributions at the higher temperatures were suggested to reflect increasing 

anharmonicity in the atomic motions. A strong anisotropy in the temperature 



Introduction 10 

dependence of the Debye-Waller factor was observed, and implies that the forces 

stabilising the protein structure are not uniform throughout the protein. 

The temperature dependence of the dynamics of metmyoglobin crystals was also 

investigated by X-ray diffraction (Hartmann et al., 1982). A transition in the 

mean-square displacement of the iron atom, and the atoms in the heme plane, was 

observed around 200 K. The X-ray data was compared to that obtained from 

Mossbauer experiments, which was found to exhibit a dynamical transition at a 

similar temperature. When the overall mean-square displacement was 

extrapolated to O K, non-zero values were obtained, suggesting conformational 

substates of the metmyoglobin molecule. In addition, even at 80 K, some of the 

atoms of myoglobin were found to have mean-square displacements greater than 

0.1 A2, also providing evidence for conformational substates. The presence of 

substates in myoglobin was first suggested by the temperature dependence of 

ligand binding (Austin et al., 1975). In the study by Frauenfelder et al. (1979), the 

presence of conformational substates was also demonstrated. Detailed discussions 

of protein conformational substates, with particular reference to myoglobin, have 

been given by Frauenfelder et al. (1991), Ansari et al. (1985), and Elber and 

Karplus (1987). 

A number of studies have also shown that the solvent environment of a protein 

influences its dynamics. This aspect of protein dynamics is discussed in Section 

3.2.2. 

1.2.4 Mobility and Catalytic Activity 

The fact that proteins are dynamic entities is well known, as demonstrated in the 

previous section. The importance of the dynamic flexibility of proteins with 

respect to their biological functioning is well established (McCammon and 

Harvey, 1987; Brooks et al., 1988). However, the direct relationship between 

enzyme flexibility and activity is not as well characterised as the motions 

themselves, and is an intense area of research. 

Enzymes are the catalysts of biological systems; the characteristics of enzymes are 

their specificity and catalytic power. A significant proportion of the catalytic 

power of enzymes comes from their bringing of substrates together in favourable 
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orientations in enzyme-substrate complexes. The specificity of substrate binding 

depends on the precisely defined arrangement of atoms in the active site. To fit 

into the active site a substrate must have a matching shape. Fischer first proposed 

a lock and key model in 1890, whereby the substrate fitted directly into the active 

site (Stryer, 1988). However, this model was found to be inaccurate for a number 

of enzymes. In 1958, Koshland proposed the idea of an induced fit mechanism of 

substrate binding. In the induced fit model the binding of a substrate to an 

enzyme causes a conformational change that aligns the catalytic groups in their 

correct orientations (Fersht, 1985). The induced fit model has been shown to be 

an accurate representation of substrate binding for many enzymes, for example, 

carboxypeptidase A (Lipscomb, 1983), and adenylate kinases (Schulz, 1992). An 

essential part of the induced fit model is enzyme flexibility. Control, catalytic 

conversion and product release may also require flexibility in the protein. 

Many enzymes are characterised by fluctuating conformations, which are coupled 

to the binding and release of substrate. For some enzymes, including protein 

tyrosine phosphatases, the conformational change is restricted to the movement of 

a flexible loop that can be described as hinged loop movement. It has been found 

that upon substrate binding, the loop folds over the active site-substrate complex 

to promote catalysis. The crystal structure of the Yersinia protein tyrosine 

phosphatase was determined in both the unliganded and tungstate bound crystal 

forms. The binding of tungstate triggered a conformational change that swings an 

important catalytic residue by approximately 6 A into the active site (Stuckey et 

al., 1994). A hinged loop movement is but one of the many functionally 

important dynamical processes that occurs in proteins. 

The importance of conformational flexibility in the catalytic activity of 

dihydrofolate reductase has also been investigated by a number of researchers. 

Conformational flexibility, including subdomain rotation and alternate loop 

conformations, was shown to be important for both the transformation of the 

substrate to product and the regeneration of the enzyme (Miller and Benkovic, 

1998). The importance of correlative enzyme motions on catalysis has also been 

studied (Bruice and Benkovic, 2000, and literature provided therein). As yet there 

is little direct evidence as to how enzymes use correlated motions in catalysis. 
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One potential source of infonnation has come from studies on dihydrofolate 

reductase. Correlated motions have been found to occur over a distance of 

approximately 13 A in the dihydrofolate reductase-folate complex, with motions 

in the PF,PG loop being linked to the active site (Faure et al., 1994). One 

interpretation of the data available for dihydrofolate reductase is that the 

correlated motions are acting to increase the frequency of barrier crossing through 

the transition state of the enzyme catalysed reaction (Bruice and Benkovic, 2000). 

Radkowicz and Brooks (2000) perfonned molecular dynamics simulations to 

further explore the link between catalysis and dynamics in dihydrofolate 

reductase. They found that the Michaelis complex exhibited extensive coupling 

between distant regions of the structure, as indicated by the presence of correlated 

motions. It was suggested that the coupled motions are probably necessary for the 

completion of the catalytic cycle. Furthermore, they found that mutations that 

caused a decrease in activity were located in the regions of the protein known to 

participate in highly coupled motions. This led them to suggest that the mutant 

enzymes were affecting catalysis by altering protein dynamics. 

Protein flexibility has also been implicated in the efficiency of hydrogen tunneling 

in enzymes (Kohen and Klinman, 1999; Kohen et al., 1999; Kohen and Klinman, 

2000). Bahnson et al. ( 1997) showed that hydrogen tunneling efficiency was 

reduced in a horse liver alcohol dehydrogenase mutant, due to an increase in the 

distance between the donor and acceptor carbons. This lead to the suggestion that 

that the flexibility in interdomain movement could potentially influence the 

catalytic rate, by reducing the hydrogen tunneling distance of the native enzyme. 

Later studies in the thermophilic alcohol dehydrogenase from Bacillus 

stearothermophilus supported this conclusion (Kohen et al., 1999). It was found 

that hydrogen tunneling made a significant contribution to catalysis at 65°C, and 

the tunneling efficiency decreased with decreasing temperature. These results 

lead to the conclusion that thermally excited enzyme fluctuations are involved in 

modulating the enzyme-catalysed hydride transfer reaction. 

As discussed in the previous section, a transition in protein dynamics is observed 

around 200 K, below which only harmonic vibrational motions of the protein 
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remam. If protein function is dependent upon protein flexibility, a loss of activity 

might be expected below the transition temperature. 

The relationship between the anharmonic motions observed above the transition 

temperature and protein function, has been investigated in a number of studies. 

Rasmussen et al. (1992) investigated the temperature dependency of inhibitor 

binding by crystalline ribonuclease-A. Ribonuclease-A did not bind either the 

substrate or the inhibitor, cytidine 2'-monophosphate, at 212 K, but bound rapidly 

to both at 228 K. Once bound at the higher temperature, the inhibitor could not be 

washed off after the enzyme was cooled to 212 K. It was suggested that thermal­

driven collective atomic fluctuations in proteins, only present above the transition 

temperature, are essential for the rapid productive binding of large ligands. 

A correlation between the photo-induced electron transfer and dynamic properties 

of the chromatophore membranes from Rhodospirillum rubrum was observed 

(Parak et al., 1980). The dynamics of the membrane protein chromatophores were 

investigated by the Mossbauer effect after incorporation of 57Fe, and were shown 

to undergo a transition at approximately 170 K. The temperature dependence of 

the efficiency of the photo-induced electron transfer was also observed to undergo 

a transition at approximately 170 K. 

Ferrand et al. (1993) studied the effect of temperature on the dynamics of 

bacteriorhodopsin in purple membranes, and a transition was observed at about 

220 to 240 K, indicating the onset of anharmonic motions above this temperature. 

The function of bacteriorhodopsin can be divided into two parts; the excitation by 

light which results in the release of a proton outside the cell, and the relaxation of 

the system back to its initial state; with an associated conformational change. It 

has been found that the relaxation of the protein in the photocycle can be inhibited 

below 220 K. Therefore the dynamical transitions are strongly correlated with the 

relaxation of the protein to its initial state. The transition itself was suggested to 

be related to the membrane environment, with a 'fluid' membrane environment 

necessary for the large-amplitude (anharmonic) motions associated with the 

relaxation of the protein. Later studies on bacteriorhodopsin used hydrogen­

deuterium labeling to study the dynamics of a specific region of the molecule near 

the active site, as compared to the global dynamics of the molecule as a whole 
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(Reat et al., 1998). The transition temperature for the specifically labeled active 

centre was approximately 220 K, while the transition temperature for the global 

dynamics was approximately 150 K. The active centre region was also found to 

be more rigid than the rest of the molecule above 260 K, due to a reduced effect of 

solvent melting. These results demonstrated how the global flexibility allows 

large conformational changes in the molecule, while the more rigid active site 

region allows stereo-specific selection of retinal conformations. 

The temperature dependence of the activity of both mesophilic and thermophilic 

enzymes has been investigated over a wide temperature range, from 

approximately 190 to 360 K (More et al., 1995; Dunn, 1998; Daniel et al., 1998; 

Dunn et al., 2000). It was suggested that as thermophilic enzymes are less flexible 

than mesophilic enzymes at a given temperature, the dynamical transition might 

occur at a higher temperature than that observed for mesophilic enzymes. 

Therefore, if protein dynamics were required for activity, a transition in activity, 

corresponding to the transition in dynamics, would be seen at a higher temperature 

than in the mesophilic enzymes. Despite activity measurements being conducted 

at temperatures lower than the dynamic transition temperature of approximately 

220 K, no transition in the Arrhenius plots has been detected, for either the 

thermophilic or mesophilic enzymes. This suggested that the rate-limiting step for 

these enzymes is independent of the fast anharmonic dynamics determined by 

neutron scattering techniques. 

1.2.5 Techniques for Observing Protein Motion 

A basic comprehension of the experimental techniques used to study protein 

dynamics, enables a greater understanding of the information obtained and the 

ability to critically compare results obtained from different techniques. A wide 

variety of experimental techniques are used to study protein dynamics. This 

section will give a brief overview of the more commonly used techniques, along 

with discussions of the applicability of each technique to particular enzymes and 

the dynamic information obtainable. 
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1.2.5.1 Mossbauer spectroscopy 

Mossbauer spectroscopy is the recoil-free nuclear resonance of absorption of y­

rays. For resonance to occur, an overlap of they-ray spectrum for emission and 

absorption needs to occur. A nucleus of the source emits a y-ray by transition 

from the excited state to the ground state, where the change in energy is the 

nuclear transition energy, Eo, The emitted y-ray may be absorbed by another 

nucleus of the same kind in the sample, by transition from the ground state to the 

excited state (Gonser, 1975). When a nucleus emits or absorbs a y-ray it recoils, 

which reduces the energy of the emitted y-quantum relative to the nuclear 

transition energy, necessary to excite the absorbing nuclei. Mossbauer discovered 

that a recoil-free line exists at E0 , in the resonance absorption spectrum. A 

necessary condition for the Mossbauer effect is that the extent of motion of both 

the emitting and absorbing nuclei be limited. 

The recoil-free fraction, or probability of a recoil-free event occurring, is given by 

the Lamb-Mossbauer factor: 

where k is the magnitude of the wave vector of the y-quantum, and (x2) is the 

mean-square displacement of the particular nuclei (Parak et al., 1982). The Lamb­

Mossbauer factor is a measure of the mean square vibrational amplitude of the 

resonating atom in the direction of observation, x. Unlike X-ray diffraction, there 

is no static disorder contribution to the Lamb-Mossbauer factor, and so only 

motion of the resonating nucleus affects the observed spectrum (Brooks et al., 

1988). Also, only dynamical processes with a characteristic time comparable to 

or faster than TN, the lifetime of the Mossbauer nucleus, contribute to (x2). 

Therefore, Mossbauer spectroscopy has an internal time threshold. Processes with 

a characteristic time comparable to TN increase the linewidth of the Mossbauer 

spectrum as a result of the Doppler effect, or give rise to additional broad lines 

(Parak et al., 1982). Mossbauer spectroscopy is therefore able to provide 

information on both the timescales and amplitudes of atomic motions. 

Only certain nuclei can be studied by Mossbauer spectroscopy. The examination 

of the dynamics of proteins using this technique has only been performed on iron­

containing proteins, for example, deoxymyoglobin (Parak et al., 1982), 
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oxymyoglobin (Keller and Debrunner, 1980), cytochrome c (Frolov et al., 1997), 

metmyoglobin (Bauminger et al., 1983 ), and ferritin (Cohen et al., 1981 ). In all of 

these studies, the natural isotopic mixture of iron had to be replaced with iron 

highly enriched in the Mossbauer 'active' isotope 57Fe (Parak and Reinisch, 

1986). Mossbauer spectroscopy of the iron nucleus in proteins allows the study of 

protein motions that are coupled to those of the iron nucleus. For 57Fe, the 

timescales of the motions that contribute to the line shape of the observed 

spectrum are between approximately 1 and 100 ns. Mossbauer spectroscopy is 

useful for the study of protein dynamics as it is experimentally feasible to do 

measurements over a wide temperature range. 

1.2.5.2 Fluorescence and phosphorescence measurements 
When a molecule absorbs light it is excited to an upper singlet energy level, such 

as S2, and rapidly goes to the lowest excited state, S1, without emission of light. 

From S 1, the molecule may go to any of the rotational and vibrational energy 

levels of the ground state, So, either by fluorescence with the emission of a 

photon, or by internal conversion, which is a nonradiative process. A molecule 

may also go to the triplet state, T 1, by a nonradiative process referred to as 

intersystem crossing. From T 1, the molecule can return to So by phosphorescence, 

a radiative process, or by nonradiative processes. Under appropriate conditions, 

S1 and T 1 can also transfer their excitation energy to other molecules (Yguerabide, 

1972). The lifetime of the molecule at S1 may range from 10-8 to 10-10 s, 

depending on the chromophore. The lifetime of the TI excited state, involved in 

phosphorescence, has a comparatively long lifetime, ranging from 10-3 to 10-1 s, 

depending on the chromophore and the temperature (Kaivarainen, 1985). These 

processes are illustrated in Figure 1.2. 
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Figure 1.2. Energy level diagram of a chromophore. Straight and wavy arrows denote 
radiative and nonradiative processes, respectively. Adapted from Yguerabide, 1972. 

Fluorescence spectroscopy provides a sensitive and versatile method for the study 

of protein structure and dynamics on a nanosecond timescale (Lakowicz, 1980). 

As well as steady-state fluorescence measurements, developments in the ability to 

generate and detect nanosecond light pulses, has allowed the measurement of the 

time dependence of fluorescence intensity following excitation (Kaivarainen, 

1985). The important processes in fluorescence spectroscopy are characterised by 

the fluorescence spectrum, quantum yield, lifetime, and polarisation of 

fluorescence (Y guerabide, 1972). The fluorescent spectrum, quantum yield, and 

lifetime are dependent on the molecular structure of the chromophore, and are also 

sensitive to the environment. It is the sensitivity of these parameters to the 

environment that makes fluorescence spectroscopy useful in the study of protein 

dynamics. Another useful parameter that needs to be considered is the 

polarisation properties of the absorption and emission of light. A molecule 

absorbs plane-polarised light with maximum efficiency when the electric vector of 

the incident light wave vibrates along a certain direction relative to the molecule. 

The light is emitted from the molecule with maximum intensity also along a 

particular direction in the molecule. Therefore, light emitted in different 

directions is characterised by its intensity and also by its direction of polarisation. 

The spatial and polarisation properties of the emitted light allow the rotational 

motion of fluorescent molecules to be measured. 
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From the properties of fluorescence discussed above, there are several ways in 

which fluorescence spectroscopy can be used to monitor protein dynamics. The 

dependence of the fluorescence properties of a chromophore on its environment 

can be used to study the polarity of the active site, and to detect conformational 

changes that may occur, for example, on substrate binding. The transfer of the 

excitation energy from a donor to acceptor can be used to determine distances 

between particular sites in a protein molecule. The polarisation of the 

fluorescence can provide information on the size and flexibility of 

macromolecules in solution. The application of each of these variations of 

fluorescence spectroscopy will now be discussed in more detail. 

As mentioned, when a chromophore is attached to a macromolecule, its 

fluorescence properties become dependent on the local macromolecular 

environment. The chromophore may be; intrinsic, such as a tryptophan residue, 

prosthetic, for example NADH, or an extrinsic fluorescent probe. When the 

molecule is excited, the transfer to an upper excited state takes between 10-14 to 

10-15 s (Kaivarainen, 1985; Lakowicz, 1980). If this transition involves a major 

change in the electric dipole moment of the chromophore, the dipole field of the 

surroundings will not be at equilibrium and will undergo relaxation to a new 

equilibrium state. The relaxation time of this process is determined by the 

dynamic properties of the medium. The relaxation is accompanied by a change in 

the locations of the excited and ground energy levels, with a resulting shift 

(Stokes's shift) in the fluorescence spectrum relative to the absorption spectrum. 

The size of this shift is related to the change in dipole moment of the transition. 

The fluorescence spectrum of tryptophan is the most suited to the study of 

structural mobility of proteins, as the moment of indole transition in tryptophan is 

much larger than that for the other fluorescent amino acid residues, phenylalanine 

and tyrosine. The peak of the fluorescent spectrum due to the tryptophan residue, 

Ve, is given by the ratio between the lifetime of the excited chromophore, tr, and 

the period of dipole relaxation, tp (Mazurenko, 1973 ): 

Ve= Vao + (Vo - Yao) tr 

where Voois the valueofvc iftp « tr, and v0 is the value ofvc iftp » tr. 
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Fluorescence energy transfer data can be used as a probe for changes in the local 

fluctuations of a protein molecule. If two fluorescent labels are associated with a 

protein, located 2 to IO nm apart, a Forster-type resonance energy transfer (FRET) 

donor-acceptor pair can be fonned (Somogyi and Damjanovich, 1988). The 

photon excitation energy, hv (where his Planck's constant and vis the frequency 

in hertz), of the donor molecule can be transferred to the acceptor molecule by 

dipole-dipole interaction, and the acceptor can then relax through the emission of 

a photon, hv', where hv > hv'. The transfer rate constant, k1, can be expressed as: 

where dis a constant, J is the spectral-overlap integral, n is the refractive index of 

the medium, R is the distance between the two chromophores, ke is the rate 

constant of the donor emission, and K2 is a measure of the orientation of the 

electronic transition moments of the emitting state of the donor and the absorbing 

state of the acceptor. As can be seen, the rate of transfer between the donor and 

acceptor chromophores is dependent on the distance between them. By 

characterising the fluctuation of the relative motion of the two fluorescent probes, 

the relative fluctuation of the different parts of the protein can be determined 

(Somogyi and Damjanovich, 1988; Lakowicz et al., 1992; Bilderback et al., 1996; 

Haran et al., 1992). An extension of this method for use with systems with 

multiple fluorescent labels was developed by Somogyi et al. (2000), and shown to 

be just as effective in monitoring the change in intramolecular flexibility with 

temperature. 

Fluorescence polarisation spectroscopy can lead to infonnation about the 

rotational motion of a macromolecule, due to the spatial and polarisation 

properties of the emitted light. In general, the decay of fluorescence intensity of a 

system of rotating molecules is given by: 

F(t) = r(t)e-t!t 

where F(t) is the fluorescent intensity after time, t, of light absorption, and r(t) 

characterises the rotational motion (Y guerabide, 1972). If a fluorescent probe is 

rigidly attached to a protein, the motion of the chromophore will be the same as 

the protein. Motion which results from local rotations of the label at its site of 
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attachment, or from rotations of different portions of the macromolecule with 

respect to each other, can also be studied by fluorescence polarisation techniques. 

The arrangement of a fluorescence polarisation experiment is shown 

schematically in Figure 1.3. 

z 

sample 
y detector 

X 

exciting light 

Figure 1.3. Coordinate axes for fluorescence polarization measurements. The exciting light 
travels along x and is polarised along z. The emitted light is detected along y through a 
polariser oriented either along z (F,) or x (F,). Adapted from Yguerabide, 1972. 

The protein solution is excited by fast nanosecond pulses of polarised light, with 

the resulting fluorescent pulses detected through a polariser oriented first parallel 

to z, and then parallel to x. Two fluorescent decay curves, denoted Fz(t) and Fx(t), 

are obtained. The time dependence of these curves is determined by the lifetime 

of the fluorescent labels, and the rotational motion of the macromolecules 

(Y guerabide, 1972). The informative quantity obtained from this data is the 

anisotropy, A(t), defined by: 

where S(t) is defined by: 

A(t) = Fz(t) - Fx(t) 

S(t) 

S(t) = Fz(t) + 2Fx(t) 

The anisotropy depends on the rotational motion of the molecule, and therefore on 

the rotational correlation time. As already mentioned, the motion of different 

portions of a molecule with respect to each other can also be detected by 

fluorescence polarisation. This motion is seen as a fast decaying component in 

the anisotropy versus time plot. For these studies, the lifetime of the fluorescent 

chromophore should be of the same order as the rotational correlation time of the 

motion being observed. If the fluorescence lifetime is much shorter, the rotational 
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motion will have little effect on the decay of fluorescence intensity (Lakowicz, 

1980). 

Phosphorescence has been used much less frequently than fluorescence. Rigid 

media are usually employed due to the normally efficient quenching of the triplet 

state in fluid solution by dissolved oxygen and other solvent-quenching processes 

(Saviotti and Galley, 1974). Due to the fact that aromatic amino acids are 

frequently buried within the globular structure of proteins, phosphorescence from 

proteins is obtainable in fluid solutions at temperatures where it cannot be 

observed from free chromophores (Saviotti and Galley, 1974). In the absence of 

quenching reactions, the phosphorescence lifetime of phosphorescent probes are 

dependent on the effective viscosity of the medium (Strambini and Gonnelli, 

1985). For example, the intrinsic phosphorescence lifetimes of tryptophan 

residues in proteins reflects in part the local flexibility of the protein matrix. The 

high sensitivity of this technique, coupled to the long lifetime (millisecond to 

second) make this approach suitable to reveal distinct conformers of the 

macromolecule that persist for times longer than the phosphorescence lifetime 

(Shah and Ludescher, 1995; Cioni et al., 1994). The room temperature tryptophan 

phosphorescence lifetime has been shown to increase in some proteins following 

hydrogen-deuterium exchange. Fischer et al. (2000) used this property of 

phosphorescence to monitor hydrogen-deuterium exchange in Escherichia coli 

alkaline phosphatase as a function of time. 

1.2.5.3 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) is an experimental technique that performs an 

essential role in the analysis of the internal motions of proteins. It is able to 

provide information about individual atoms, and is sensitive to both the magnitude 

and the timescale of the motion. A number of reviews have been written on the 

use of NMR to determine protein dynamics (Kay, 1997; Williams, 1989; Kay, 

1998; Ishima and Torchia, 2000; Wand, 2001 ). NMR studies were initially 

limited to the study of molecules with a molecular mass of up to approximately 10 

kDa (approximately 100 amino acids). The development of multidimensional, 

multinuclear solution NMR spectroscopy, and further methodological advances, 
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has significantly increased the molecular weight limitations previously imposed 

(Kay, 1997). 

NMR parameters, such as nuclear spm-spm coupling constants and chemical 

shifts, are dependent upon the protein environment. In a protein molecule, 

different local conformations of the molecule exist, which are able to interconvert. 

If the interconversion is rapid on the NMR timescale of milliseconds, the NMR 

spectrum will record only a single, averaged spectrum, rather than separate spectra 

for each of the various discrete conformations. When the interconversion time in 

on the order of the NMR timescale or slower, the transition rates can be studied 

(Brooks et al., 1988). For example, the reorientation rates of the aromatic rings of 

the tyrosine and phenylalanine residues have been studied by NMR techniques 

(Brooks et al., 1988; Wagner and Wtithrich, 1978). 

The dynamics of specific chemical groups or nuclei can also be determined from 

the dependence of relaxation parameters on their motion. The time of spin-lattice 

relaxation, T 1, and spin-spin relaxation, T 2, of magnetic moments of the nuclei, 

are dependent on the characteristic correlation time, t, of their motion 

(Kaivarainen, 1985). The mobility of chemical groups in proteins may also be 

studied with the use of the Overhauser effect. The Overhauser effect is a result of 

suppressing the spin-spin interaction between the carbon nuclei, 13C, and the 

protons of the macromolecule, owing to the saturation of the proton resonance 

lines by a strong radio-frequency (RF) field. An intensification of the 13C 

resonance lines is seen. The magnitude of the effect depends on the frequencies 

of the interacting proton and carbon nuclei, and is therefore a measure of the 

motions of the molecule. The solution NMR methods for measuring 2H, 13C, and 

15N spin relaxation allows the characterisation of backbone and side chain 

dynamical properties of proteins on picosecond/nanosecond and 

microsecond/millisecond timescales (Palmer, 1997; Palmer et al., 2001 ). 

1.2.5.4 Electron spin resonance 
Electron spin resonance (ESR) enables the characterisation of molecules with 

unpaired electrons, for example, free radicals and some transition elements. ESR 

can be thought of as a similar technique to NMR, except that ESR primarily deals 

with the electron magnetic dipoles, while NMR deals with the nuclear magnetic 
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dipoles. Paramagnetic molecules possess a net electronic magnetic moment. 

When an external magnetic field is applied, the magnetic dipoles can align either 

parallel or antiparallel to the external field, with the former being the lowest 

energy state. Transitions between the two energy states will occur if the sample is 

irradiated with electromagnetic waves of the appropriate frequency, corresponding 

to the energy difference between the antiparallel and parallel states. In practice, 

the sample is exposed to a constant frequency of a microwave field, and an 

applied magnetic field is varied with an electromagnet until the resonance 

condition is satisfied, and transitions occur (Swartz et al., 1972). 

Few biological molecules contain unpaired electrons. A common technique to 

overcome this problem in the application of ESR is the use of spin labels. The 

spin label contains unpaired electrons, is chemically stable, and is attached to the 

macromolecule of interest. A spin label ESR spectrum is extremely sensitive to 

the nature and rate of the motion that the label experiences. One of the more 

successful compounds used as spin labels to date are the nitroxides (Swartz et al., 

1972). 

The ESR spectra of all nitroxyl radicals are triplets. The width of the lines, and 

their location on the magnetic field axis, will depend on the averaged anisotropy 

of the g-factor, and on the hyperfine interaction between the magnetic moments of 

the lone electron and the nitrogen nucleus (Kaivarainen, 1985). The g-factor is 

the local magnetic field produced by the molecule that contains the unpaired 

electron (Franks, 1988). The nitroxide ESR spectra are very sensitive to the rate 

of its molecular rotation, covering a range of correlation times from I 0- 10s, where 

a spectrum of three narrow lines of approximately equal width is observed, to 

10·7 s, where a strongly immobilized spin label spectrum is observed. Therefore, if 

a spin label is rigidly attached to a particular part of a macromolecule, the 

dynamic motion of that region of the molecule may be studied by the observed 

parameters of the ESR spectrum (Morrisett, 1976). The tumbling of the protein in 

solution is too slow to have any significant effect on the spin label's spectrum, 

therefore the degree of immobilization, and hence the ESR spectrum, depends on 

the flexibility of the protein at the point of attachment. 
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1.2.5.5 X-ray diffraction 

It is sometimes believed that X-ray crystallography is a static technique incapable 

of providing information about the dynamic properties of molecules. X-ray 

diffraction can in fact provide information about the amplitudes of the motions 

found in proteins. Discrete positions of electron density for the various atoms in a 

molecule are not observed in X-ray crystal structures. The electron density of any 

atom in a structure is a time average of the position of that atom in every unit cell 

in the crystal (static disorder), and also of the possible positions that the atom can 

sample during the diffraction experiment due to its motion (Ringe and Petsko, 

1986). 

For small molecule X-ray diffraction, detailed models have been introduced to 

take account of the anisotropic and anharmonic motions of the atoms, and then 

applied to high-resolution measurements. In protein crystallography, the available 

data is limited compared to the large number of parameters that have to be 

determined, and has made it necessary in most cases to assume that the atomic 

motions are isotropic and harmonic (Brooks et al., 1988). Based on this 

assumption the structure factor, F(Q), which is related to the measured intensity 

by I(Q) = IF(Q)l2, is given by: 

N 
F(Q) = I: f-(Q)eiQ.(rj)e Wj(Q) 

. I J j= 

where Q is the scattering vector, N is the number of atoms in the asymmetric unit 

of the crystal, and (rj) is the average position of atom j, with atomic scattering 

factor, /j(Q), and Debye-Waller factor, Wj(Q). The Debye-Waller factor is 

defined by: 

where s = IQl/41t. The quantity Bj is usually referred to as the temperature factor, 

which is directly related to the mean-square atomic fluctuations in the isotropic 

harmonic model. 

In theory, temperature factors can then provide information on the motions of all 

heavy atoms in the molecule, due to their relationship to the mean-square 

displacement of the atom. In practice though, there is a difficulty in relating the 
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B-factors obtained from the protein structure refinement, to the motion of the 

atom. This is because as well as thermal motions, any static disorder in the crystal 

will also contribute to the calculated B-factors. For the protein myoglobin, the 

contribution of static disorder to the temperature factor was estimated by 

comparing the mean-square displacement calculated from the X-ray study, to the 

mean-square displacement of the iron atom determined from Mossbauer studies. 

The Mossbauer effect is not affected by static disorder, and so only dynamical 

processes contribute to the calculated mean-square displacement. The static 

disorder contribution to the mean-square displacement of the iron atom was 

determined to be approximately 0.08 A. This indicated that the observed values 

from X-ray diffraction, which are on the order of approximately 0.4 to 0.5 A, are 

dominated by the motional contribution (Brooks et al., 1988). 

The technique of X-ray diffraction has been applied to the dynamic studies of a 

number of proteins, for example, lysozyme (Artymiuk et al., 1979). The effect of 

temperature on protein structure and dynamics has also been investigated by this 

technique, for example, with metmyoglobin (Frauenfelder et al., 1979; 

Frauenfelder et al., 1987), and ribonuclease-A (Tilton et al., 1992). 

1.2.5.6 Neutron scattering and diffraction techniques 
Neutron scattering studies are able to provide valuable information in the space-

and time-dependency of the molecular motions in a protein sample in the range of 

5 to 50 A and 10·13 to 10·7 s, respectively. The main theory of neutron scattering 

is discussed in Section 3.4. The effect of hydration and temperature on the 

dynamics of a number of proteins has been studied by neutron scattering (Doster 

et al., 1989; Cusack and Doster, 1990; Loncharich and Brooks, 1990; Filabozzi et 

al., 1996; Zanotti et al., 1997). 

Neutron diffraction of crystalline proteins is also a useful technique in the study of 

protein structure and dynamics (Kossiakoff, 1982, 1985 and 1986). Neutron 

diffraction is very similar to X-ray diffraction, in both the experimental 

methodology and the information that is obtained. However, neutron diffraction 

has the unique ability to locate the positions of the hydrogen or deuterium atoms 

in large molecules (Gutberlet et al., 2001). Neutron diffraction is also able to 

distinguish between hydrogen and deuterium atoms, as hydrogen is one of the few 
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atoms whose nucleus induces a phase change of 180° in the scattered neutrons. 

The position of a hydrogen atom is seen as a negative peak in the neutron density 

map, whereas positive peaks represent most other atoms. 

Two applications of neutron diffraction have been used to study protein 

conformational dynamics. The first is the assignment of the configuration of 

terminal methyl groups. The methyl conformation has been used to study 'protein 

breathing', which is defined as the set of motions involving a transient local 

redistribution of the packing density in the interior or at the surface of the protein 

(Kossiakoff, 1985). From X-ray diffraction studies, it has been shown that 

proteins are typically more flexible at their surfaces than in their interior. The fact 

that the interior groups appear more ordered does not exclude the possibility that 

they undergo rapid reorientations. The presence of rapid motions in the protein 

interior has been confirmed by NMR studies, which showed the rapid rotation of 

terminal methyl groups (Lipari et al., 1982). The determination of methyl 

conformations by neutron diffraction allows the investigation of the forces 

imposed by the protein structure on the methyl group, and how these forces 

compete with the torsional forces of the side chain. 

The second approach uses neutron diffraction combined with the hydrogen­

deuterium (H/D) exchange technique (Kossiakoff, 1982). This technique is used 

to investigate the extent and nature of the inherent conformational fluctuations in 

a protein. The advantage of using neutron diffraction to detect exchange is that 

the location of the exchange site in the protein is known, and the exchange status 

of a particular site is easily characterised from inspection of the neutron density 

map. 

1.3 Effect of Temperature on Catalysis 

As with most chemical catalysts, the rate of an enzyme catalysed reaction 

increases with temperature (Copeland, 2000). The effect of temperature on 

catalysis is best shown by an Arrhenius plot, which is a plot of log v against 1/T, 

where v is the measured rate of the catalysed reaction, and T is the absolute 

temperature. To be able to interpret such a plot, it is necessary to understand the 
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reaction rate theories that it is derived from. In 1889 Svante Arrhenius suggested 

that the effect of temperature on a rate constant, k, could be described by: 

din k = EA 

dT RT2 

where EA is the energy of activation and R is the ideal gas constant. If EA does 

not vary with temperature, this gives upon integration: 

In k = -EA/RT - In A 

where In A is the constant of integration. The Arrhenius equation has been shown 

by experiment to give a close approximation for the effect of temperature on the 

rate constant. Reaction rate theories were then developed to try and explain the 

temperature dependence of reaction rates (Moore, 1983). 

For any chemical reaction, the step in which the "intermediate" with the highest 

free energy occurs determines the overall rate of the reaction. This high-energy 

intermediate is known as the transition state. The transition state theory states that 

the rate of any reaction at a given temperature is dependent only on the 

concentration of an energy-rich activated complex, which is in equilibrium with 

the ground state reactants (Creighton, 1993). According to this theory, all 

activated complexes break down at a rate given by Kks T/h, where ks is the 

Boltzmann constant (the gas constant per molecule), h is Planck's constant, Tis 

the absolute temperature, and K is the transition coefficient which is assumed to be 

unity. Thus the reaction velocity constant, k, is given by: 

k = KksTK* 

h 

where K * is the equilibrium constant between the activated complex and the 

unactivated molecules or reactants. The usual thermodynamic equations can be 

applied to this equilibrium, so that: 

~G* = ~H-T~S* = -RTln K* 

h h 
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where ~G*, ~H*, and ~S* represent the free energy , enthalpy, and entropy of 

activation, respectively. If it is assumed that ~S* does not vary with temperature, 

this gives the following relationship: 

din k = I + ~H* = ~H* + RT 

dT T RT2 RT2 

This is similar to the empirical Arrhenius equation, shown earlier: 

din k = EA 

dT RT2 

The energy of activation of the Arrhenius theory and the enthalpy of activation 

from the theory of absolute reaction rates can be related as: 

EA= ~H* + RT 

It can be seen from the above equations that the rate constant, k, will decrease at 

low temperatures according to the activation energy, EA. So a plot of log k 

against I /T can be expected to give a linear graph with the slope related to the 

energy of activation (Dixon and Webb, 1979). 

For enzyme catalysed reactions the measured rate and its relationship to the rate 

constant of the reaction may be quite complex. In the simplest case the enzyme 

reacts with the substrate with the formation of only a single intermediate. The rate 

of the enzyme catalysed reaction will then be a measure of the rate constant for 

the determining step in the reaction pathway. In many cases though there are in 

fact two or more intermediates involved in the reaction, and the measured rate of 

reaction will then be a complex function of several rate constants. 

For enzyme catalysed reactions a linear fit to an Arrhenius plot is not always 

observed. Some departures from linearity are due to changes in experimental 

conditions (Dixon and Webb, 1979; Laidler and Peterman, 1979). For an enzyme 

to be optimally active, groups in the active site that are involved in substrate 

binding and catalysis must be in the correct ionisation state. Also groups involved 

in electrostatic interactions that help to maintain the enzyme in its active 

conformation must also be considered. If these groups have a significant heat of 

ionisation, the ionic state of the enzyme will vary with temperature. This means 

that the optimum pH and substrate binding affinity may change with temperature. 
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Significant distortions of Arrhenius plots can occur if rate measurements are made 

at a single substrate concentration, as changes in the Michaelis constant, KM, and 

possible substrate inhibition will affect the observed temperature dependency of 

the reaction rate (Silvius et al., 1978). To avoid complications due to changes in 

KM, the maximal rate of the reaction should be obtained by extrapolation of a 

Lineweaver-Burk or equivalent plot at each temperature. 

Another experimental factor that may affect the enzyme rate of reaction is the 

change in solvent properties with temperature. For example the dielectric 

constant of the solution will change with temperature and may have an effect on 

the energy of activation of the reaction. The pH of any buffers present in the 

system will also vary with temperature and unless steps are taken to maintain the 

pH near the optimum a reduction in activity not due to temperature effects will be 

seen. Some enzyme reactions may be diffusion controlled, and in such cases the 

activity could decrease in proportion to increasing viscosity (as a function of 1/T) 

as the temperature is reduced (Douzou, 1974). But since few enzymes are 

diffusion limited, and as reaction rates usually drop faster with temperature than 

the viscosity increases, this is not usually a problem. For example, the enzyme 

xylanase was found to have a turnover number at 0°C of approximately one 

molecule of substrate converted every second per molecule of enzyme, with the 

rate of reaction decreasing by at least five orders of magnitude upon decreasing 

the assay temperature to - 70°C (Dunn, 1998). In comparison, the increase in 

viscosity of a cryosolvent solution, for example, 40% ethylene glycol/20% 

methanol/40% water, was determined to increase only 28-fold over a similar 

temperature range (Douzou et al., 1976). Changes in solution conditions that 

affect the activity of enzymes that are more relevant to organic solvent-water 

solutions are discussed more thoroughly in Chapter Three. 

Once the experimental artifacts have been minimised and corrected, there still 

remain departures from linearity in the Arrhenius plots for some enzyme catalysed 

reactions. A difficulty that is encountered in studying departures from linearity is 

establishing whether the plot contains an abrupt change of slope or discontinuity, 

or just a sharp bend or curvature (Londesborough, 1980; Bagnall and Wolfe, 



Introduction 30 

1982). Usually the error in such experiments makes it impossible to distinguish 

between the two possible models. 

As mentioned earlier the rate of an enzyme reaction may in fact be dependent 

upon several rate constants from the various steps in the reaction. A curve or 

bend in the Arrhenius plot may be seen as the various rate constants may have 

different enthalpies of activation or temperature dependencies (Londesborough 

and Varimo, 1979; Londesborough, 1980). It should be noted that when deriving 

the relationship between the rate constant and temperature it was assumed that the 

entropy of activation, ~S*, did not vary with temperature. This may not actually 

be true over a wide temperature range, and so a departure from linearity would be 

observed. 

A break in an Arrhenius plot indicates a change in the enthalpy of activation for 

the reaction at the transition temperature. Various theories have been proposed to 

account for such discontinuities. From studies with the enzyme urease, 

Kistiakowsky and Lumry (1949) proposed that the sulfite used as a mild reducer 

caused reversible inactivation of the enzyme, which lead to a discontinuity in the 

Arrhenius plot. The plot gives two straight lines corresponding to when the 

enzyme is mainly in either the active or inactive form, with the difference in 

enthalpy of activation between the two slopes equal to the heat change of the 

conversion of one form to another. Maier et al. (1955) gave a similar proposal to 

explain the deviation from Arrhenius behaviour observed for phosphatase- and 

peroxidase-catalysed reactions, at low temperature. They suggested that a 

reversible equilibrium between active and inactive enzyme, due to an increase in 

intramolecular hydrogen bonding at low temperatures, was responsible for the 

discontinuity in behaviour. A variation to this theory is to assume that the enzyme 

exists in two forms of differing activities, which are in equilibrium with one 

another (Massey, 1953). A similar conclusion was reached from studies of the 

enzyme tryptophan synthase (Fan et al., 2000). The results indicated that the 

nonlinear Arrhenius plots were caused by a temperature-dependent 

conformational change that preceded the rate-limiting step in catalysis. Enzymes 

that utilise hydrogen tunneling as part of the catalytic mechanism are also not 
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expected to demonstrate linear Arrhenius plots (Kohen et al., 1999; Kohen and 

Klinman, 1998). 

In the present study it is proposed that if at some temperature a particular 

dynamical aspect of the protein that is required for catalysis ceases, this will be 

reflected in the temperature dependence of the catalytic rate. The resulting 

cessation of activity will produce an obvious change of slope in any Arrhenius 

plot, as the enzyme is effectively being converted to an inactive form at the 

temperature at which the necessary motion ceases. It is thought that such a 

transition would be easily distinguishable from a possible curvature in the 

Arrhenius plot. 
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Chapter Two 

Properties of Cryosolvents 

2.1 Introduction 

To enable the study of enzyme catalysis below 0°C, it is necessary to prevent the 

freezing that would occur in aqueous solutions. Therefore, in the current 

cryoenzymology and dynamic studies, cryosolvents are used for collecting 

solution data at subzero temperatures. Obviously, there is a difference between 

the solution properties of cryosolvents and aqueous solutions, which are the native 

environments for most enzymes. To determine what effects the cryosolvents are 

having on the measured enzyme properties, it is necessary to have an 

understanding of the properties of the cryosolvents themselves. For example, if a 

change in an enzyme's properties is seen at a particular temperature, it is not 

initially known if this reflects an intrinsic property of the enzyme, or an effect of 

the solvent. Studying the temperature effects on solvent properties, as well as on 

the enzyme, enables the distinction between protein-solvent interactions, and the 

inherent properties of the enzyme. 

The purpose of this chapter is to investigate the change in cryosolvent properties 

with temperature, particularly phase changes, for example, melting and 

crystallisation. For the cryoenzymology and dynamic work, cryosolvents that 

remain homogeneous and fluid over the whole temperature range used are 

required. For cryosolvents that do undergo phase changes, it is important to know 

at what temperature this occurs, so that any potential influence on the results can 

be determined. This knowledge assists in choosing which cryosolvent to use over 

a particular temperature range, if phase changes in the solution are to be avoided. 

I was involved in the DMT A experiments and most of the DSC experiments 

mentioned in this chapter. Other members of the research group conducted the X­

ray scattering experiments and visual assessment of cryosolvents. 
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2.2 Properties of Cryosolvents 

Cryosolvents are any solvent system that remains fluid at subzero temperatures. 

In this work, cryosolvents based on an aqueous system (~ 20% water) with a 

miscible cosolvent are used. Commonly used cosolvents include: alcohols, for 

example methanol and ethanol; polyols, for example ethylene glycol and glycerol; 

and dimethylformamide(DMF) and dimethyl sulfoxide (DMSO). Although binary 

solvent systems are commonly used, for polyol-containing solutions, ternary 

solvent systems, made up of water, the polyol and an alcohol in various 

proportions, are used to reduce the high viscosity that is inherent in polyol-water 

binary systems (Douzou, 1977). 

When miscible organic solvents are mixed with water they cause considerable 

perturbations of the physiochemical properties of water. The parameters that are 

modified by the presence of an organic solvent include the dielectric constant, the 

viscosity, and the ionic content, or dissociation of electrolytes. These parameters 

will be discussed below, as well as their dependence upon temperature. 

The viscosity of a solution increases with decreasing temperature. This is 

important as it influences the rate of diffusion in solution and also because of 

technical problems associated with mixing viscous solutions. It has been 

suggested that the limiting value for the correct mixing of reactants by 

conventional techniques is 50 cP (Douzou, 1977). Generally alcohol and DMF­

based cryosolvents have relatively low viscosities, and do not cause problems 

until near their freezing points. For example, the viscosity of a 70% 

methanol/water solution is 50 cP at -60°C, which gives a wide temperature range 

over which viscosity does not impede mixing (Douzou et al., 1976). It should be 

noted that as solutions approach their freezing point, the viscosity could increase 

dramatically, for example, for 70% methanol/30% water the viscosity increases to 

280 cP at -80°C, five degrees above the freezing point (Douzou, 1971 ). DMSO 

solutions at low concentrations do not present any problems, but at concentrations 

greater than 50% (v/v), and at temperatures below -50°C, they become 

significantly viscous. Polyol-based cryosolvents have high viscosities even at 

relatively high temperatures; for example, a 50% (v/v) ethylene glycol/water 

solution has a viscosity greater than 100 cP at only -20°C (Douzou, 1971). For 
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this reason, as mentioned above, polyols are generally used in ternary solutions 

with an alcohol component to reduce the viscosity. 

As stated earlier, the viscosity of a solution also affects diffusion. The effect of 

viscosity on diffusion is given by: 

D= RT 
61trNAT1 

where D is the diffusion coefficient of the diffusing species, R is the gas constant, 

Tis the temperature, NA is Avagadro's number, 11 is the viscosity of the solution, 

and r is the hydrodynamic radius of the diffusing species (Barrow, 1979). A high 

viscosity may cause problems with diffusion-limited enzymes, for example, triose 

phosphate isomerase. It has been suggested that the diffusion-controlled 

encounter frequency of an enzyme and a substrate is about 109 M-1s-1• The kcat!K.M 

ratio of triose phosphate isomerase is between 108 and 109 M-1s-1, and so the 

reaction is limited by the rate of diffusion (Fersht, 1985). 

The addition of organic solvents to water also causes changes to the dielectric 

constant. The dielectric constant influences electrostatic interactions, which are 

important in processes such as dissociation and solubility of molecules, and acid­

base equilibria. The magnitude of the electrostatic force between two charged 

species, Q1 and Q2, separated by a distance, r, is given by Coulomb's Law as: 

where Er is the dielectric constant of the medium, and 1::0 is the pennittivity of a 

vacuum (Moore, 1983 ). As can be seen from the above equation, a high dielectric 

constant facilitates the separation of ions, as there is a reduced electrostatic force. 

The dielectric constant, also known as the electrical pennittivity, is actually a 

measure of the interaction of atoms and molecules with an applied electric field. 

Water is a highly dipolar molecule, and the interaction of single molecules with 

the electric field is increased by the formation of extended structures due to 

hydrogen-bonding between the molecules. The dielectric constant of pure water 

at 20°C is 80. When organic solvents are added to water a decrease in the 

dielectric constant is generally seen, which increases with increasing organic 

solvent concentration. This can be thought of as a disruption of the oriented 
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structure of water by the organic solvent molecules. Different solvents affect the 

dielectric constant to different degrees; for example, methanol has a marked effect 

with increasing concentration, whereas DMF and polyols give a less pronounced 

effect. For DMSO, the dielectric constant for a 50% (v/v) solution at room 

temperature is 76, very close to the value of pure water (Travers and Douzou, 

1974). This is quite different to most solvents, which usually cause a decrease in 

the dielectric constant of 10 to 30 units at a similar concentration. The variation 

in dielectric constant with temperature has been shown to increase with 

temperature according to the function: 

log D = a- bT 

where a and b are empirical constants, and T is the absolute temperature (Akerlof, 

1932). Most of the mixed solvents become isodielectric with water far above their 

freezing points. 

The ionic environment will also change, as the addition of organic solvent will 

affect the ionisation and solubility of solutes or electrolytes. The effect of organic 

solvents on proteins, which are also electrolytes, shall be discussed in the 

following chapter. The ionic strength of a solution is important as it influences 

electrostatic interactions. The effective interaction between a pair of ions is 

weakened as the ionic strength increases. This is due to the tendency of salts to 

cluster around any given ion of opposite charge, reducing the net field in the 

vicinity of the ion (Brooks et al., 1988). Neutral salts, such as sodium chloride 

and potassium chloride, are soluble to a concentration of approximately 0.1 M in 

cooled cryosolvents with an organic solvent composition of 50% (v/v) or greater. 

Higher ionic strengths can be obtained using potassium iodide, which is soluble 

up to concentrations of approximately 0.2 M (Fink and Geeves, 1979). If higher 

concentrations are used, 0.2 M to 3 M, a separation of the two phases can occur, 

with crystallisation of the aqueous phase (Douzou, 1977). It has been shown that 

strong electrolytes, such as sodium chloride and hydrochloric acid, are still 

completely dissociated at low temperatures in mixtures with high cosolvent 

concentrations. 

For weak electrolytes, such as buffer salts, solubility is also a problem. Generally 

concentrations greater than 10 mM will precipitate as the temperature is lowered. 
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Two of the most commonly used buffers, phosphate and Tris, are the least soluble. 

At a concentration of 10 mM, phosphate buffer precipitates at -60°C in 70% (v/v) 

methanol, and in the presence of a high concentration of proteins or other solutes, 

can precipitate at higher temperatures. Phosphate can be replaced with 

cacodylate, which was found to be soluble over the whole temperature range in all 

the mixtures studied, up to a concentration of 0.1 M (Hui Bon Hoa and Douzou, 

1973). Chloroacetate and acetate buffers also have a reasonable solubility in 

cryosolvents. 

Unlike strong electrolytes, weak electrolytes are not completely dissociated, and 

the equilibrium position for dissociation will be shifted by the presence of the 

organic solvent. For buffers containing weak electrolytes, the acid-base equilibria 

will be shifted causing a shift in the pKa of the buffer. The decreased dielectric 

constant, due to the addition of organic solvent, increases the amount of work 

required to separate ions, for example, to ionise an uncharged acid. This leads to 

a corresponding increase in pKa values. However, it has been shown that the 

change in dissociation constant of an acid in two cryosolvents, with the same 

dielectric constant, was different. This indicates that although electrostatic forces 

may be involved, nonelectrostatic effects related to specific solvent compositions 

are also important (Douzou, 1971 ). Another factor may be that the dielectric 

constant of the microenvironment around the ions, may be different to that of the 

bulk dielectric constant measured for the solution. 

For buffers in aqueous-organic solvent mixtures, the conventional pH scale is no 

longer appropriate, and so it is necessary to define a new scale with which to 

measure the 'pH'. The apparent pH, paH (also represented at patt* or pH*), which 

is -log a*(H+), where a*(H+) is the proton activity in the mixed solvent, is the 

most useful way of defining a new 'pH' scale. As the activity coefficient of the 

proton will vary with different solvent systems, each cryosolvent will have its own 

paH scale. 

concentration. 

The paH values vary with both temperature and cosolvent 

There are several methods for measuring patt. A conventional pH meter with a 

glass electrode, equilibrated with the aqueous-organic solvent solution to be 

measured, can be used to give a direct estimate of patt. A modified electrode, in 
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which the electrolyte solution of the glass electrode is replaced with 0.1 M 

hydrochloric acid in the cryosolvent, gives a more accurate method for 

determining the paH at any temperature at which the cryosolvent is fluid. Another 

method, which is more indirect, uses the spectrophotometry of indicators to 

determine the proton activity at a particular temperature. 

A substantial amount of work has previously been done on determining the effect 

of temperature and cosolvent on the dissociation constants of a variety of buffers 

(Douzou et al., 1976). For most buffer systems studied an increase in paH, 

between 0.1 to 0.3 paH units, was seen upon addition of varying amounts of 

different cosolvents. The change in dissociation with temperature in aqueous­

organic solutions is similar to that in aqueous solutions, with a linear change with 

respect to the reciprocal of the absolute temperature. Both equimolar and non­

equimolar buffers show the same behaviour, indicating that buffering capacity is 

maintained (Douzou, 1971; Douzou, 1977). 

2.3 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a technique in which the difference in 

heat flow (power) to a sample and reference is monitored against time or 

temperature, while the temperature of the sample, in a specified atmosphere, is 

programmed. In heat flux DSC, the sample and reference are heated from the 

same source and the temperature difference, ~T, is measured. The temperature 

difference is proportional to the difference in heat flow (from the furnace), 

between the two materials (Haines and Wilburn, 1995). The heat flux DSC 

measures the exothermic and endothermic reactions of the sample, and also heat 

capacity. 

When heat is absorbed by a system (in this case the sample) under specified 

conditions, the heat capacity of the system changes. At constant pressure this is 

represented by a change in enthalpy, H. The amount of heat that is absorbed by 

an unreacting system in raising the temperature by I K at constant pressure is 

defined as the heat capacity at constant pressure, Cp, which is also a function of 

temperature. 
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Cp = (8H/of)p 

If the heat capacity at constant pressure is known, the change in enthalpy with a 

change in temperature, T, at constant pressure can be calculated (Moore, 1983). 

T2 T2 

~H = J (oH/aT)pdT = J Cp.dT 
Tl Tl 

For pure substances, changes such as fusion of a solid, or change of a solid from 

one crystal structure to another are called phase changes. These occur at a definite 

temperature and with a definite value of change of enthalpy, ~H. 

A first-order thermodynamic transition, such as fusion, results m a change in 

enthalpy, and results in a peak in the DSC curve. The area under the peak is 

proportional to the change in enthalpy. A second-order thermodynamic transition 

involves changes in properties such as heat capacity and compressibility, and does 

not involve changes in enthalpy (Andrews, 1971). These are shown in the DSC 

curve as a step in the baseline, and an increase ~Cp. A glass transition resembles 

a second-order thermodynamic transition as it is also characterized by a shift in 

the baseline. At the glass transition temperature, T8, the heat capacity of the 

sample increases as it becomes more flexible. However, unlike true second-order 

thermodynamic transitions, which always occur over a fixed, equilibrium 

temperature range, the value obtained for T8 always depends on the heating and 

cooling rates used in the DSC run. The glass transition is purely a kinetic or 

relaxation process that results when the supercooling of the liquid falls out of 

internal thermodynamic equilibrium as a result of a dramatic increase in structural 

relaxation times (Haines and Wilburn, 1995). 

Sometimes an associated endotherm is also seen at the glass transition, as is 

shown in Figure 2.1, which is due to the enthalpy of relaxation. This is associated 

with the gradual approach of the non-equilibrium properties of the glass towards 

the extrapolated equilibrium value characteristic of the liquid (Hay, 1992). With 

aged glasses the endotherm increases progressively with the annealing time, as the 

enthalpy of the glass slowly approaches the extrapolated liquid value. The 

magnitude of the endotherm can also be affected by the relative rates of heating 

and cooling. For example, if a sample is cooled slowly and goes through the T8 at 
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say 80°C, and is then heated rapidly it may not transform until 85°C. The sample 

must absorb more energy to reach the enthalpy of the rubbery state, and results in 

an endotherm superimposed on the glass transition step (Haines and Wilburn, 

1995). 

ENDO 

1 

T / "C 

Figure 2.1. DSC curve showing an endotherm, proportional to the enthalpy of relaxation, 
superimposed on the shift in baseline, due to a change in heat capacity, at the glass 
transition. 

2.4 Dynamic Mechanical Thermal Analysis 

Dynamic mechanical thermal analysis (DMTA) is a technique that quantitatively 

measures the changes in the mechanical behaviour of a material, as a function of 

temperature, frequency, time, stress, or combinations of these parameters. 

Molecular motion and physical morphology determine the dynamic modulus 

(stiffness) and damping (loss). 

If a sample is subjected to a force, it may behave in a variety of ways. Liquids 

will flow when a force is applied, and some solids may deform elastically, 

returning to their former shape and size when the force is removed. Other solids 

may behave viscoelastically, incorporating both flow and elastic deformations. 

When a stress is applied to a sample, the resulting deformation is measured by the 

strain, which is simply the deformation per unit dimension. For an elastic material 

the strain is proportional to the stress, the constant being the modulus. For 

example, the tensile, or Young's modulus is given by: 

E = cr/E 
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where E is the tensile modulus, E is the tensile strain and cr is the normal tensile 

stress. For an ideal elastic material the deformations are reversible. If there is any 

viscoelasticity, however, the moduli become more complex and contain two parts. 

For example, the complex tensile modulus, E*, is given by: 

E* = E' + iE" 

where E' is the real component, or storage modulus, E" is th~ imaginary 

component, or loss modulus, and i is equal to -V-1. The Argand diagram, in Figure 

2.2, best shows the relationship between these quantities. 

E" 

E' 

Figure 2.2. An Argand diagram showing the relationship between the storage modulus, E', 
and the loss modulus, E". 

The ratio of these two moduli gives the loss tangent, tan 8, which is given by: 

tan 8 = E" IE' 

and is the ratio of the energy lost/energy stored per deformation cycle (Reading 

and Haines, 1995). 

In DMTA a sinusoidal stress (er) is applied to the sample, to produce a sinusoidal 

strain response (E), which lags by some phase angle (8) due to the viscoelastic 

behaviour of the sample. This is represented in Figure 2.3. 
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0 

£ 

Angle, Wt 

Figure 2.3. This diagram illustrates the sinusoidal stress (cr) with the strain response (&), 
lagging by some phase angle (o). 

The values of the moduli will change with temperature as the molecular motions 

of the sample change. The tan 8 exhibits a series of peaks as the temperature of 

the sample is increased, each peak corresponding to a specific relaxation process. 

Chain and side-chain motions of polymers and especially glass transitions will 

affect the moduli and tan 8. An increase in the frequency of the applied stress will 

show a shift of the moduli and tan 8 to higher temperatures. The DMT A 

technique is a sensitive technique, particularly for determining glass transition 

temperatures, which give rise to a pronounced maximum in tan b. For this reason 

it complements the DSC technique very well, where glass transitions are not as 

obvious. 

2.5 Methods and Materials 

2.5.1 Materials 

For all cryosolvent solutions, the water was obtained from a Milli-Q (MQ) Water 

Purification System (Millipore). All solvents were of analytical grade and used 

without further purification, with the methanol supplied from BDH, the ethylene 

glycol supplied from Lancaster, and the glycerol obtained from FSA Lab 

Supplies. All deuterated reagents were obtained from Sigma. All solvent 

percentages are given by volume. 
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2.5.2 Differential Scanning Calorimetry 

The differential scanning calorimetry (DSC) measurements were made using a 

Shimadzu DSC-60 differential scanning calorimeter, at the Thermal Methods 

Laboratory, Birkbeck College, London. The samples were sealed in 30 µl 

aluminium crucibles, with sample weights between 9 and 12 mg. An integrated 

device that is filled with liquid nitrogen cooled the samples to at least -140°C. 

Helium was used as a purge gas of the sample due to the low temperatures that 

were being used. All data were collected during heating at a standard rate of 

10°C/minute. All solvent samples were prepared by individually dispensing each 

component to avoid errors due to changes in volume upon mixing. An empty 

crucible was used as the reference. Temperature calibration of the instrument was 

performed by the use of water and ammonium phosphate (NH4H2P04) standards, 

which are known to undergo reversible phase transitions at 0°C and -125°C, 

respectively. The peak area of the instrument was calibrated with an indium 

standard. In the DSC plots endothermic transitions give a downward 'peak', 

while exothermic transitions give an upward 'peak'. 

The following hydrogenated solvents were run: 

35% methanol/35% ethylene glycol/30% water; 

40% methanol/40% ethylene glycol/20% water; 

60% ethylene glycol/40% water; 

70% ethylene glycol/30% water; 

60% glycerol/40% water; 

70% glycerol/30% water; 

70% methanol/30% water; 

and 70% methanol/I 0% ethylene glycol/20% water. 

The following perdeuterated solvents were run: 

70% CD300/30% D20; 

40% DMS0/60% D20; 
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and 80% DMS0/20% D20. 

Further cryosolvent samples were also run. The details can be found in the paper 

by Reat et al. (2000b), included in Appendix A. 

2.5.3 DMTA 

The dynamic mechanical thermal analysis measurements were carried out on a 

Rheometric Scientific DMT A MkIII analyser, at the Thermal Methods 

Laboratory, Birkbeck College, London. The samples were placed between 

stainless steel plates, which were then wrapped in aluminium foil to assist in 

sample retention between the plates. The samples are cooled to approximately 

-100°C, by liquid nitrogen gas, and then heated at a rate of 3°C/minute to 

approximately I 00°C, with a sample taken every 4 seconds. The samples were 

generally placed in a small frame ( clamp frame L, clamp C), with a length of 5 

mm, width of 10 mm, and a thickness of 1 mm. A bending mode, with single 

cantilever geometry, was used to analyse the samples. A sinusoidal stress, with a 

frequency of 1 Hz, was applied to the sample. 

The following solvent compositions were run: 

35% methanol/35 % ethylene glycol/30% water; 

70% methanol/I 0% ethylene glycol/20% water; 

60% ethylene glycol/40% water; 

and 70% methanol/30% water. 

2.5.4 X-Ray Scattering 

X-ray scattering experiments on the cryosolvents were carried out in Debye­

Scherrer geometry on line 9.1 at the Daresbury synchrotron radiation source, UK, 

using a curved image-plate detector system. The samples were in standard 0.7 

mm thin-walled glass capillary tubes. The presence of crystallisation was 

identified by the appearance of powder diffraction peaks. For full method details 

refer to the paper by Reat et al. (2000b ), in Appendix A. 
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2.6 Results and Discussion 

2.6.1 Initial Selection of Cryosolvents 

A preliminary screening of a wide range of cryosolvents was conducted to 

determine their homogeneity and lack of phase separation at low temperatures 

(Reat et al, 2000b ). A visual assessment of the cryosolvents was made to confirm 

the homogeneity of the solution to below -l 20°C. The cryosolvents that passed 

this initial assessment were then subjected to X-ray diffraction studies down to 

- l 60°C, to determine at what temperature, if detected, crystallisation occurred. 

Another important consideration is the viscosity of the solution as the temperature 

is decreased. It is important that the solution remains fluid enough to allow 

efficient mixing of the enzyme assays at the assay temperature. From these initial 

criteria, cryosolvents were chosen to then undergo further characterisation by 

DSC and DMTA. 

2.6.2 Differential Scanning Calorimetry 

Cryosolvents that exhibited no phase separation or crystallisation to below 

-120°C, and that maintained a low to moderate viscosity were selected for DSC 

studies, as detailed above. Cryosolvents based on methanol:ethylene glycol:water 

and methanol:glycerol:water, were the only solutions to satisfy these 

requirements. Variations on the methanol:ethylene glycol:water solvent ratios 

were studied by DSC (Reat et al., 2000b). These included: 70% methanol/30% 

water; 80% methanol/20% water; 75% methanol/5% ethylene glycol/20% water; 

60% methanol/I 0% ethylene glycol/30% water; and 70% methanol/I 0% ethylene 

glycol/20% water. The resulting DSC curves can be found in the copy of the 

paper included in Appendix A. The majority of cryosolvents tested showed 

exothermic or endothermic changes characteristic of phase changes near -110°C. 

The only exception to this was 70% methanol/I 0% ethylene glycol/20%water, 

which was free of thermal transitions down to the lowest temperature measured, 

-160°C. 

After this first series of experiments, the selection criteria was broadened to 

include cryosolvents that were homogeneous and relatively fluid to temperatures 
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as low as only -100°C. The cryosolvents that met this criteria include: 35% 

methanol/35% ethylene glycol/30% water; 40% methanol/40% ethylene 

glycol/20% water; 60% ethylene glycol/40% water; 70% ethylene glycol/30% 

water; 60% glycerol/40% water; and 70% glycerol/30% water (Daniel, personal 

communication). The DSC results for these cryosolvents are shown in Figures 2.4 

to 2.9. 

All of the cryosolvents exhibited an endothermic transition over the temperature 

range investigated. The binary glycerol/water solutions showed transitions near 

-I00°C (Figure 2.8 and 2.9). Due to the shift in baseline that occurs at this 

transition, it is likely that this represents a glass transition. These results are in 

agreement with those of Chang and Baust (1991). They found that above 65% 

(w/w) glycerol, or approximately 60% (v/v), the solution could be readily vitrified 

during cooling and returned to the liquid state without experiencing 

devitrification, so that only glass transition thermal events occur. 

The binary ethylene glycol/water solutions showed transitions near -120°C (Figure 

2.6 and 2.7). The transitions observed near -50°C were not reproducible for the 

70% ethylene glycol/30% water solution, and that observed for 60% ethylene 

glycol/40% water was due to ice formation on the outside of the sample pan. 

While the nature of the transitions seen at -120°C has not been conclusively 

determined, it may be that these also represent glass transitions in the solutions. 

Murthy (1998) conducted experiments into the characterisation of the equilibrium 

phase diagram for ethylene glycol/water solutions, and also studied the effect of 

composition on the temperature of the glass transition, T g· The values for T g were 

approximately -123°C and -121 °C for 60% and 70% ethylene glycol, respectively. 

The ternary solvent systems of methanol/ethylene glycol/water, exhibited 

endothermic transitions at lower temperatures than for the binary solutions (Figure 

2.4 and 2.5). The temperatures of the transitions were approximately -l 34°C and 

-127°C for 35% methanol/35% ethylene glycol/30% water and 40% 

methanol/40% ethylene glycol/20% water, respectively. 

The DSC results show that these cryosolvents can be used to at least -100°C 

without undergoing phase changes. 
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Figure 2.4. DSC curve for 35% methanol/35% ethylene glycol/30% water. 
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Figure 2.5. DSC curve for 40% methanol/40% ethylene glycol/20% water. 
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Figure 2.6. DSC curve for 60% ethylene glycol/40% water. The transitions observed near 
-50°C were due to ice formation on the outside of the sample pan. 
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Figure 2.7. DSC curve for 70% ethylene glycol/30% water. The thermal transition observed 
near -50°C was found not to be reproducible, and should be disregarded. 
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Figure 2.8. DSC curve for 60% glycerol/40% water. 
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Figure 2.9. DSC curve for 70% glycerol/30% water. 
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A further group of cryosolvents was selected, due to their previous and continued 

use in the cryoenzymology and dynamic studies. Perdeuterated cryosolvents were 

run, as the use of perdeuterated solvents is required for the neutron scattering 

studies. The equivalent hydrogenated solvents were mostly run in the earlier DSC 

work by Reat et al. (2000b ). The perdeuterated cryosolvents run were: 40% 

methanol/60% water; 70% methanol/30% water; 40% DMS0/60% water; and 

80% DMS0/20% water. The hydrogenated solvents 70% methanol/I 0% ethylene 

glycol/20% water and 70% methanol/30% water were also run. The DSC results 

are shown in Figures 2.10 to 2.15. 

For 40% deuterated methanol/60% D20, there is an endothermic peak at -I00°C, 

followed by a broad endothermic transition at approximately -27°C (Figure 2.10). 

The broadness of the transition may be a reflection of inadequate sample sealing. 

There is also a potential glass transition near - l 15°C, which is seen as a small shift 

in the baseline. The 70% deuterated methanol/30% D20 cryosolvent exhibited a 

double endothermic peak near -100°C, which is probably due to melting in the 

sample (Figure 2.11 ). There is no detectable glass transition before this 

temperature, as observed for the 40% deuterated methanol solution. 

The DSC curve for 70% methanol/30% water is very similar to that obtained for 

the equivalent deuterated cryosolvent, with an endothermic transition observed 

near -100°C (Figure 2.14 ). In the initial series of DSC experiments, the 

endothermic transition for 70% methanol was observed near -110°C (Reat et al, 

2000b). Takaizumi and Wakabayashi (1997) have determined the phase diagram 

for methanol/water solutions. While it is not directly applicable for the deuterated 

solutions, it provides a comparison for the observed transitions. The broad 

transition near -30°C for 40% deuterated methanol/water, corresponds to the 

temperature expected for melting of ice in the sample. The DSC curve of 70% 

methanol/I 0% ethylene glycol/20% water was identical to that obtained in the 

earlier study, with no thermal transitions observed down to the lowest temperature 

tested, in this case -150°C (Figure 2.15). 

For 40% deuterated DMS0/60% D20, an endothermic transition is observed near 

-124°C, which may be due to a glass transition due to the shift in baseline, with 

the peak due to enthalpy of relaxation (Figure 2.12). A broad endothermic peak 
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near -27°C is then seen, which is probably due to melting in the sample. The DSC 

curve for 80% deuterated DMS0/20% D20 is very similar, with an endothermic 

transition with a possible shift in baseline near -124°C, followed by a broad 

endothermic peak at -27°C. The glass transition temperatures for each 

composition agree with that given by Murthy (1998). 
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Figure 2.10. DSC curve for 40% deuterated methanol/60% D20. The broadness of the 
transition near -27°C may be due to inadequate sample sealing. The thermal transitions 
observed above 0°C are not reproducible. 
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Figure 2.11. DSC curve for 70% deuterated methanol/JO% D20. 
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Figure 2.12. DSC curve for 40% deuterated DMS0/60% D20. 
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Figure 2.13. DSC curve for 80% deuterated DMS0/20% D20. 
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Figure 2.14. DSC curve for 70% methanol/30% water. 
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Figure 2.15. DSC curve for 70% methanol/to% ethylene glycol/20% water. 

2.6.3 Dynamic Mechanical Thermal Analysis 
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Trials with this technique were conducted due to the relative ease with which 

glass transitions are observed compared to DSC. The greatest difficulty with this 

technique is the loading, or clamping, of liquid samples. The first attempts to 

address this difficulty involved the soaking of filter paper with the appropriate 

solution. Unfortunately, changes in composition due to differential evaporation of 

the solution components lead to inaccurate results. Also, it is unknown how the 

interaction of the solution components with the paper influences the results. The 

most recent approach, which seems more promising, is the placement of the 

sample between stainless steel plates, which are then wrapped in aluminium foil to 

help retain the sample and prevent evaporation. The plates can be pre-cooled to 

help prevent solvent evaporation. 

Several cryosolvents were chosen that had been run on the DSC, and included: 

35% methanol/35%ethylene glycol/30 %water; 60% ethylene glycol/40% water; 

70% methanol/I 0% ethylene glycol/20% water; and 70% methanol/30% water. 

Initially, 35% methanol/35%ethylene glycol/30% water and 60% ethylene 

glycol/40% water were analysed after loading on to filter paper. The results are 

shown in Figures 2.16 and 2.17. As can be seen the transitions observed are very 

broad, which is most likely due to solvent evaporation causing changes in the 

composition. However, when the 35% methanol/35% ethylene glycol/30% water 

solution was placed between stainless steel plates and re-run, much sharper 
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transitions were observed, as shown in Figure 2.18. A sharp peak in tan 8 is seen 

near -120°C. 

The results for 70% methanol/I 0%ethylene glycol/20% water are shown in Figure 

2.19. A large tan 8 peak was seen near -145°C, but as the sample was not cooled 

further only part of the response is observed. When this is compared to the DSC 

curve, a peak is seen that coincides with the initial displacement of the trace, but is 

sharper and more intense than usual, and so confirms the DMT A data. Ideally the 

sample would be cooled to even lower temperatures to get an accurate measure of 

the transition that is occurring. 

The 70% methanol/30% water cryosolvent also gave a large tan 8 response, with 

the peak centered near -150°C (Figure 2.20). Further peaks are also seen near 

-100°C. The DSC plot shows a sharper and more intense initial displacement at 

-150°C than usual, which confirms the DMT A data. The peak near -100°C 

corresponds to the melting transition seen in the DSC curve at the same 

temperature. 
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Figure 2.16. DMT A trace of 35% methanoV35% ethylene glycoV30% water loaded on to 
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Figure 2.17. DMTA trace of60% ethylene glycol/40% water loaded on to filter paper . 
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Figure 2.18. DMTA trace of 35% methanol/35% ethylene glycol/30% water loaded between 
stainless steel plates and wrapped in aluminium foil. 
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Figure 2.20. DMT A trace of 70% methanol/30% water loaded between stainless steel plates 
and wrapped in aluminium foil. 

As the sample loading technique improved the results became more reliable, and 

agreed moderately well with the corresponding DSC curves. The DMT A 

technique provides support to the low temperature DSC results, where potential 

low temperature glass transitions are hidden by the initial displacement in the 

thermal analysis curve. The set-up of the DMT A also allows for greater ease of 
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sample cooling, thereby allowing low temperature transitions to be more fully 

characterised. To be able to determine the nature of the transitions observed by 

DMTA, it would be interesting to repeat the experiments with a range of 

frequencies for the applied sinusoidal stress. If the observed transitions reflect 

glass transitions, the peak of the tan 6 would change with the applied frequency, 

whereas if it was a melting transition the tan 6 would be independent of the 

frequency. 
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Chapter Three 

Protein-Solvent Interactions 

3.1 Introduction 

Cryosolvents enable low temperature enzyme assays to be conducted, which 

provides a valuable tool for investigating the relationship between enzyme activity 

and dynamics. To be able to interpret the low temperature results correctly, it is 

necessary to investigate the interactions between the protein and cryosolvent 

solutions to know which effects are due to the effect of temperature on the 

solvent, which to the effect of temperature on the protein, and whether any effects 

are due to the influence of the solvent on the protein. 

This chapter provides a look at the effect cryosolvents are having on the enzyme 

system, and the steps taken to ensure the validity of the low temperature work. 

The effect of cryosolvents on the dynamics and catalytic activity of enzymes is 

studied. This will enable the effect of temperature and solvent on the enzyme to 

be distinguished. 

The effect of cryosolvents on enzyme dynamics was investigated by neutron 

scattering studies. For the neutron scattering experiments themselves, I was one 

of a group of researchers. The enzyme xylanase was used to investigate the effect 

of cryosolvents on the catalytic properties of the enzyme itself. DSC experiments 

were also performed on several protein-cryosolvent samples to allow further 

characterisation of these solutions. 

3.2 Effect of Solvents on Proteins 

3.2.1 General Considerations 

In Chapter Two the potential change in solution properties caused by the addition 

of organic cosolvents to an aqueous enzyme solution were discussed. In this 

section the resulting changes in the enzyme itself will be discussed. The presence 

of cosolvents can affect the enzymes solubility, structure, stability, and catalytic 
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activity. These effects will also change with temperature as the properties of the 

cryosolvents and enzyme molecules change. 

An initial concern is the solubility of proteins in cryosolvents. This is important 

for both the neutron scattering experiments and the related cryoenzymology 

studies of enzyme activity. For the neutron scattering studies of enzymes in 

cryosolvents, the protein needs to be in dissolved in solution to a final 

concentration of 50 to 100 mg/ml, as only thin samples are used. For the 

cryoenzymology work high enzyme concentrations, up to 1 mg/ml, are required 

for very low temperature (i.e. very low activity) assays in the cryosolvent. This 

enables the assay times to be reduced to a practical time period, even with the 

extremely slow enzymatic rates obtained at low temperatures. It is generally 

found that the solubility of proteins, as with other solutes, decreases as the 

cosolvent concentration increases, and that this effect becomes greater as the 

temperature is reduced. The addition of simple aliphatic alcohols, which are 

potential cryosolvents, induces the aggregation or precipitation of many proteins if 

they are at or near their isoelectric point. It has been shown though that neutral 

salts increase the solubility of proteins in aqueous-organic solutions in much the 

same way they do in water (Douzou, 1974). However, at higher concentrations of 

organic solvents and at lower temperatures ( < 20°C), it was found that the 

solubility of proteins could not be significantly increased by the addition of 

neutral salts. At high organic solvent concentrations, the salts can then precipitate 

with the protein, as well as any buffers. Solubility is very dependent upon the 

protein itself, as some proteins remain readily soluble at high concentrations, even 

in the presence of high cosolvent concentration (up to 70%), and at very low 

temperatures (down to near -70°C). For example, the solubility of lysozyme in 

DMSO, ethylene glycol, and formamide, was found to be greater than 50 mg/ml 

(Chin et al., 1994). To maintain the enzyme concentration at a known constant 

level, a concentration must be found which is low enough to prevent precipitation 

at low temperatures. 

The stability of proteins can also be affected. Some enzymes are stable at 0°C in 

high concentrations of cosolvent, while others are very unstable at such a high 

temperature. For example, the malic enzyme from the extreme thermoacidophilic 
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archaebacterium Sulfolobus solfataricus was found to be completely active in 

50% DMF after a 24-hour incubation at 25°C (Guagliardi et al., 1989). In 

comparison, gradual loss of activity of a-chymotrypsin was observed at 25°C in 

both 65% DMSO and 70% methanol, but not if the temperature was reduced to 

below 10°C (Fink, 1973). The instability can sometimes be overcome by the 

synchronised addition of cosolvent and cooling, until the desired composition is 

obtained. This approach was used for the cryoenzymology trials with myokinase, 

which was found to be unstable in the presence of organic cosolvents at 

temperatures near 0°C (results not shown). Incubating the enzyme in the 

cryosolvent at 0°C or lower must be used to check the stability of that enzyme in a 

particular cryosolvent: aliquots can be assayed periodically to check for a possible 

decrease in the activity. A decrease in activity in the cryosolvent compared to an 

aqueous solution is commonly seen, and it is important to show by the above 

procedure that this apparent inhibition does not increase with time, and that it is 

fully reversible by dilution of the cosolvent. Otherwise, it could indicate the 

progressive denaturation of the enzyme, slowed down by the low temperature, in 

the cryosolvent (Douzou, 1977). A decrease in protein stability in cryosolvents 

has also been shown by a decrease in the temperature required for thermal 

denaturation. 

A factor closely related to stability, is the effect of cosolvents, and also low 

temperatures, on the conformation of the enzyme. Conformational stability is an 

important factor in determining enzyme activity. To be fully active, the correct 

conformation needs to be maintained so that key residues in the active site are 

correctly positioned. The variations in solution properties brought about by the 

addition of an organic solvent can all potentially lead to changes in the protein 

conformation. For example, as the temperature is reduced the dielectric constant 

of the solution increases, which means that the polar interactions will be 

strengthened, and that hydrophobic interactions will be weakened (Douzou, 

1971 ). This change in the relative force of various interactions could lead to a 

change in enzyme structure. The addition of acetonitrile to an aqueous solution of 

lysozyme was suggested to weaken the hydrophobic interaction and to strengthen 

the peptide-peptide hydrogen bond. In confirmation of this, the conformation of 
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lysozyme was found to change to a helix-rich form above acetonitrile 

concentrations of 40% (Gekko et al., 1998). 

For oligomeric proteins, changes in the state of association may occur due to the 

presence of the cosolvent, and also due to the low temperatures. For the protein 

D-amino-acid-oxidase, apparent activation was seen when its normal dimers 

dissociated into monomers (Douzou, 1974). More minor conformational changes 

have been observed with proteins in weakly protic solvents, and involved an 

increase in helical content. This was probably related to the decreased hydrogen­

bonding capacity of the mixed solution compared to water, and increased 

electrostatic repulsive interactions between charges on the protein molecule due to 

the reduced dielectric constant (Douzou, 1974). An extensive conformational 

transition of lysozyme has been detected in lysozyme solutions upon the addition 

of particular organic solvents. A transition of the polypeptide backbone from a 

predominantly a-helical to increased random coiled and ~-sheet structures, as well 

as unorthodox protein secondary structures, was seen upon addition of the organic 

cosolvents. This produced a significant increase in viscosity due to the 

subsequent short-lived inter-chain contacts leading to an entanglement of the 

system as a whole (Areas et al., 1996; Areas et al., 1999). 

Since any transition from the native to denatured state in a non-aqueous solvent is 

usually an endothermic process, a decrease in temperature should favour the 

native form or conformation (Douzou, 1971 ). It is also thought that the disruption 

of the native conformation observed at room temperature, could possibly be 

reversed at subzero temperatures (Singer, 1962). Studies with synthetic 

polypeptides in aqueous-organic solutions showed that they undergo a random 

coil - helix transition at low temperatures, and that they can also be dissolved in 

the helical state at low temperatures (Douzou, 1971 ). 

To be able to assess possible conformational changes, the methods used must be 

relatively sensitive to be able to detect subtle and localised changes from the 

native conformation. The more sensitive methods include ultraviolet and visible 

absorption, optical rotatory dispersion, and circular dichroism. Possibly the most 

sensitive test of structural integrity is the catalytic properties of the enzyme. 
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The remammg factor to be considered is the effect of organic cosolvents on 

enzyme catalysis. Most enzymes retain some catalytic activity when dissolved in 

aqueous-organic solvents at low temperatures. The cosolvent has been shown to 

both increase and decrease enzyme activity, relative to aqueous conditions 

depending on the enzyme. In most cases though, the addition of an organic 

solvent causes inhibition of activity, which is reversible by dilution. The effects 

of the cosolvent on the catalytic properties of the enzyme can be determined by 

studying the effects on the kinetic parameters as a function of cosolvent 

concentration (Fink and Geeves, 1979; Travers and Barman, 1995). For example, 

if the reaction is a hydrolysis reaction, a decrease in V max with decreasing water 

concentration may be expected. In some cases a decreased rate is observed due to 

the cosolvent exerting a negative effect on substrate binding, due to a hydrophobic 

partitioning effect on the substrate (Fink and Geeves, 1979; Maurel, 1978; Ryu 

and Dordick, 1992; Wescott and Klibanov, 1994; Kvittingen, 1994). This results 

in an exponential increase in KM with cosolvent concentration, and so a plot of log 

KM versus cosolvent concentration should be linear. 

Studies with inhibitor binding can also be done to ensure that the inhibition 

involves the binding step of the enzyme-catalysed reaction. Inhibition by the 

cosolvent could be competitive if the solvent molecules bind at or near the active 

site, and may be seen as curvature in log KM versus cosolvent concentration plots, 

if the inhibition is significant. Non-competitive inhibition could also be seen if 

solvent molecules bind to the enzyme at a site distant from the active site, thereby 

influencing its structure. 

As with buffers, the 'pKa' of essential ionising groups at the active site can be 

affected by the presence of the cosolvent. Changes in the relative acidity of 

groups in the enzyme can cause the optimal pH to change, and so pawactivity 

curves should be detennined so that the paH can be adjusted to an appropriate 

value to give optimal activity. It has been observed with many enzymes that 

unless the substrate is a polyelectrolyte, the paH dependence is similar to that in 

aqueous solution. A possible explanation to account for the absence of the 

expected perturbations was that the hydration shell surrounding the protein might 

not be significantly disturbed by the presence of the cosolvent. Therefore, the 
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environment around the key ionisable catalytic groups in the cryosolvent may be 

similar to that in the aqueous environment. The groups in the active site have 

sufficient enthalpies of ionisation that changes in temperature may also cause a 

change in their ionisation. 

Once the ionic strength, proton activity, and dielectric constant of the aqueous­

organic solution are optimised for enzyme activity, changes in the ionisation of 

the enzyme and substrate that may interfere with activity should be minimised. 

But even though these parameters are optimised, an intrinsic effect of the 

cosolvent commonly still remains, and in most cases is inhibitory. This is 

probably due to the fact that although these bulk macroscopic properties of the 

solution are optimised, they may be significantly different to the microscopic 

properties of the solution surrounding the enzyme and substrate. From neutron 

scattering studies of protein solutions, we have found that the dynamics of the 

protein solutions were independent of the solution composition, despite the use of 

solvents with different melting points (Reat et al., 2000a). A possible explanation 

is that the solvent shell of the enzyme may be qualitatively similar in all of the 

solvents, despite very different bulk-solution compositions. 

The dielectric constant is a parameter that highlights such discrepancies. 

Theoretical treatments have shown that the energy of activation of a reaction can 

be influenced by the dielectric constant, and also by changes in the dielectric with 

temperature, influencing the Arrhenius frequency factor, A. But selective 

solvation of a solute by the solvent would diminish such an effect, and such 

deviations between theory and experiment have been commonly seen in a number 

of chemical reactions (Douzou, 1977). For reactions of small molecules in 

methanol/water solutions with a high cosolvent composition, deviations of the 

reaction rates towards those of pure water were seen. A direct comparison of 

these results to those of enzyme-catalysed reactions is difficult though, as 

enzymatic reactions are occurring on the surface of a macromolecule, with an 

unknown dielectric constant. A more relevant study was performed on the effect 

of solvents of varying dielectric constant, on the kinetic parameters of three 

enzymes, each with different interactions involved in enzyme-substrate complex 

formation (Maurel, 1978). Reactions involving electrostatic interactions in 
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substrate binding were expected to be affected more strongly by changes in 

dielectric constant, as they are theoretically more sensitive to variations in the 

dielectric constant. Instead, they found that with the enzyme systems studied, 

electrostatic interactions were apparently not affected by the dielectric constant. 

3.2.2 Effect of Solvents on Protein Dynamics 

A number of studies have shown that the environment surrounding a protein may 

play a role in the observed dynamics of proteins. In this study we are particularly 

interested in the effect of solvent environments, the most common of which is 

water. The binding of water to proteins produces a sigmoidal adsorption isotherm 

(e.g. Rupley et al., 1983; Careri et al., 1979; Rupley and Careri, 1991 ). Below 

0.05 to 0.1 h (where h is the grams of water bound per gram of protein) water 

interacts primarily with the ionisable groups in the protein. Between 0.1 to 0.25 h 

water binds to the polar sites on the protein molecule. Above 0.25 h water 

condenses onto the weakest binding sites of the protein surface to complete the 

process, and then at sufficiently high water contents, the system is approximately 

equivalent to that of the solution. The adsorption isotherms for proteins 

suspended in organic solvents have also been determined. After conversion to a 

basis of thermodynamic water activity (aw), the adsorption isotherms were 

compared to those known for proteins equilibrated with water from a gas phase. 

At low water contents, with aw less than about 0.4, similar adsorption isotherms 

were found for proteins in each solvent studied and in the gas phase. However, at 

higher aw values, significant differences between the isotherms were seen 

(Halling, 1990). 

The importance of hydration with respect to enzyme activity has been investigated 

by the use of hydrated powders. For example, studies of lysozyme powders 

equilibrated with water in air have shown that catalysis occurs at a hydration level 

of approximately 0.2 h, which is well below monolayer water coverage (Careri et 

al., 1980). 

Hydration effects on enzyme activity in organic solvents have also been studied. 

The transesterification activity of subtilisin Carlsberg in tetrahydrofuran was 

found to increase after the addition of less than 1 % (v/v) water to the organic 

solvent (Affleck et al., 1992b ). However, whereas earlier studies looked at the 
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effect of water concentration in the organic solvent on activity, as with the above 

study, it was later found that a more accurate parameter was that of the water 

bound to the enzyme itself (Zaks and Klibanov, 1988). A simple correlation 

between the percentage of water present and activity is not seen, as the water is 

distributed between several different phases. The water may be bound to the 

enzyme molecules, dissolved in the organic liquid phase, or adsorbed to other 

solid components. It is generally accepted that the thermodynamic water activity 

is the most useful in determining the influence of water on enzymes in organic 

media, as it determines the equilibrium distribution of water between the various 

phases (Partridge et al., 1998; Bell et al., 1995). As mentioned earlier, it is found 

that the amount of water bound to a protein is essentially equivalent in solvents 

with the same aw (Halling, 1990). 

The relationship between aw and enzymatic activity was investigated by Partridge 

et al. (1998), for the enzyme subtilisin Carlsberg. They found that the catalytic 

rate profiles showed the same dependence on aw for assasys conducted in 

cyclohexane, dichloromethane and acetonitrile. A sudden sharp rise in catalytic 

activity was seen to occur at an aw of 0.55. A similar dependence on aw was 

observed for the condensation reaction of rJ-glucosidases from almonds and 

Fusarium oxysporum. An aw of approximately 0.53 was needed to achieve a 

detectable level of activity (Tsitsimpikou et al., 1996). An aw of 0.5 corresponds 

to an enzyme hydration of approximately 0.12 h (Rupley and Careri, 1991; 

Hallling, 1990). However, lipases have been shown to retain activity at a greatly 

reduced water activity, as low as 0.0001 for the lipase from Rhizomucor meihei 

(Valivety et al., 1992a and 1992b ). The ability of aw to correctly predict the onset 

of enzymatic activity is not always so reliable. For example, it was found that aw 

was not able to correctly predict the critical hydration level for activity of the 

enzyme laccase in polar solvents (Bell et al., 1997). It was suggested that polar 

solvents, such as acetonitrile and acetone, have a direct effect on the enzyme, as 

well as competing for water. 

In the current work, the lowest water concentration m any of the various 

cryosolvents used was 20% (v/v). This is to ensure that the enzymes were 

hydrated sufficiently for activity. The highest cosolvent concentrations used in 
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the cryoenzymology work were 60% (v/v) DMSO and 70% (v/v) methanol, which 

correspond to water activity values of approximately 0.45 and 0.63, respectively, 

based upon the calculations of Bell et al. ( 1997). It is difficult to calculate how 

much water is bound to a particular enzyme at these levels, and this will probably 

be enzyme and solvent dependent. However, from the studies detailed above, it 

appears that this is an adequate level of water activity for enzymatic activity. 

Also, the fact that activity is easily detected in these cryosolvents for a range of 

enzymes suggests that the enzymes are indeed sufficiently hydrated. 

The relationship between water and protein dynamics has been shown by a 

number of hydration studies, using various techniques (Smith et al., 1987; 

Partridge et al., 1998; Zanotti et al., 1997; Diehl et al., 1997; Zanotti et al., 1999; 

Perez et al., 1999; Careri et al., 1986; Krupyanskii et al., 1982). The effect of 

hydration on proteins embedded in lipid (hydrophobic) membranes has also been 

investigated (Fitter et al., 1996; Ferrand et al., 1993). Lysozyme has been shown 

to be inactive in the absence of minimal hydration (Careri et al., 1980; Rupley et 

al., 1983). From related NMR measurements of exchangeability of the main chain 

amide hydrogens (Poole and Finney, 1983), and from measurements of the rate of 

exchange of labile hydrogens (Schinkel et al., 1985), it is suggested that a 

hydration-related increase in conformational flexibility is necessary for activity. 

Measurements of the Rayleigh scattering of Mossbauer radiation, which monitors 

the average motional properties of the protein, were used to investigate the 

dynamic consequences of hydration for myoglobin (Krupyanskii et al., 1982). It 

was found that at low hydration levels (37% relative humidity, approximately 0.1 

h), the mean square displacement, (x2), showed no motion at temperatures up to 

300 K. However, for myoglobin hydrated at a relative humidity of 94%, an 

increase of the dynamic amplitudes was seen near 220-240 K. An increase in 

dynamic amplitudes was also found in subsequent work on lysozyme powders 

(Smith et al., 1987), and qualitatively similar results have been observed by more 

recent neutron scattering studies on hydrated myoglobin, lysozyme, parvalbumin, 

and a-amylase (Diehl et al., 1997; Perez et al., 1999; Zanotti et al., 1997; Fitter, 

1999). At room temperature, it was shown that hydrated myoglobin and lysozyme 

exhibit a more pronounced quasielastic spectrum due to diffusive motions, which 

was suggested to be due to modification of the amplitude, but not the timescale, of 
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the fast protein motions (Diehl et al., 1997). A later study suggested that upon 

hydration from dry powder to monolayer coverage, the surface side-chains acquire 

the possibility to diffuse locally, and then upon further hydration the main effect is 

to improve the rate of these motions. In the solution state the motions then 

increase in amplitude compared to the fully hydrated powder, and have a shorter 

average relaxation time than for proteins with monolayer coverage of water (Perez 

et al., 1999). 

From the above studies it is clear that hydration is necessary for the activation of 

anharmonic vibrational and diffusive motions on picosecond timescales. Water 

has been called the "lubricant of life" because of the role it appears to play in 

promoting fast protein conformational fluctuations (Barron et al., 1997). A 

number of studies have suggested various mechanisms by which water, and 

solvents in general, are able to influence and affect protein dynamics. One 

suggestion is related to the effect of solvent dielectric on electrostatic interactions. 

For example, from studies with chymotrypsin, it was suggested that the increased 

flexibility observed upon protein hydration may in part be due to the reduced 

interaction of charged and/or polar residues, due to dielectric screening caused by 

water forming clusters on the protein surface (Bone, 1987). Dielectric screening 

by water was also suggested to be the cause of coupling between enzyme 

hydration and flexibility for the enzyme subtilisin Carlsberg suspended in 

tetrahydrofuran and acetonitrile (Affleck et al., 1992b; Schmitke et al., 1996). 

The dynamics of a-chymotrypsin in a variety of essentially dry organic solvents, 

ranging in dielectric constant from 72 to 1.9, were determined by electron 

paramagnetic resonance (EPR) spectroscopy (Affleck et al., 1992a). It was found 

that the mobility of two spin-labeled amino acids decreased with decreasing 

dielectric constant, consistent with changes in the electrostatic force between 

charged residues. Solvent molecules can also in principle affect protein dynamics 

by modifying the effective potential surface of the protein, or they could have 

more direct dynamic effects as a result of collisions between solvent molecules 

and the protein atoms (Brooks and Karplus, 1989; van Gunsteren and Karplus; 

1982; Smith et al., 1990). Frictional damping can result from intramolecular 

anharmonicities, protein-protein interactions for powder samples, and from the 

surrounding solvent (Smith et al., 1990; Smith, 1991). 
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The electrical interaction of the hydration water and the protein has been 

suggested as another mechanism to account for the coupling of protein and 

solvent interactions. The temperature dependency of the dielectric relaxation rate 

of 'free' water and of water adsorbed to myoglobin crystals was studied using 

microwave measurements (Singh et al., 1981 ). It was found that the dielectric 

relaxation rate of the adsorbed water is nearly identical to the temperature 

dependence of the conformational fluctuation rate of the protein, as observed by 

the Mossbauer effect. The fluctuating electric field of the hydration water, arising 

from dipole reorientation, might interact with the fluctuating electric field of the 

protein charged groups, thereby causing the observed correlation in dynamics. 

As mentioned in Chapter One, proteins have been observed to undergo a 

dynamical transition to greater flexibility above 170-230 K, which is sometimes 

referred to as the glass transition. A number of studies have suggested that the 

surrounding solvent may play a role in causing the observed dynamical transition. 

The biphasic behaviour of the average mean-square displacement of ribonuclease­

A, was attributed to the coupling between the structure and the dynamics of the 

solvent shell and the protein (Tilton et al., 1992). Parak et al. (1982) performed 

Mossbauer studies over a wide range of temperatures, on both 57Fe of 

deoxygenated myoglobin crystals and on ~ 57(Fe(CN)6 dissolved in the water of· 

metmyoglobin crystals. The temperature dependence of the calculated mean­

square displacement of the iron atom in both the protein and water solution was 

shown to be similar. A model was proposed in which the temperature dependence 

of the protein dynamics is governed by a mechanical friction constant. The 

mechanical friction constant has contributions from crystal water, as well as the 

interior of the protein. Therefore, although the protein dynamics depend on the 

structure of the protein itself, they are strongly influenced by the surrounding 

water. 

Studies by Iben et al. (1989) also showed the influence of solvent in the dynamic 

transition of proteins. Measurements on the infrared stretching frequencies of CO 

bound to myoglobin indicated that the dynamic behaviour of the protein is 

correlated with a glass transition in the surrounding solvent. Also, in a recent 

molecular dynamics analysis of hydrated myoglobin, solvent mobility was found 
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to be a dominant factor in determining protein fluctuations above 180 K (Vitkup 

et al., 2000). The involvement of hydrogen-bonding interactions between the 

hydration water and the protein in the observed dynamical transition has been 

suggested in a number of studies (Demmel et al., 1997; Diehl et al., 1997; Fitter, 

1999). 

Several studies have made use of environmental changes to determine the 

correlation between solvent and the dynamic transition of the protein. By placing 

proteins in a room temperature glass, such as trehalose, the transition to 

anharmonic dynamics was not observed, even up to room temperature (Cordone et 

al., 1999). It was found that the constraints imposed by the trehalose matrix have 

a much greater effect on the quasidiffusive motions detected by neutron 

scattering, as opposed to motions in the core of the protein (Hagen et al., 1995; 

Gottfried et al., 1996; Hagen et al., 1996). 

Although the above studies show a significant influence of the solvent on the 

dynamical transition of proteins, the dependence on the protein structure itself has 

also been demonstrated. The conformational dynamics within the complex 

between Zn-substituted cytochrome c peroxidase and cytochrome c was studied 

by fluorescence quenching (Nocek et al., 1991). To examine whether the 

observed transition in dynamics was 'slaved' to the solvent, the temperature 

dependence of the quenching rate constant of the complex was studied in a range 

of ethylene glycol-water solvents. It was found that the midpoint and the width of 

the transition were largely independent of the solvent composition, indicating that 

the transition in dynamics is an intrinsic phenomenon of the complex. A 

comparison of the temperature dependence of the Mossbauer spectra of 

oxymyoglobin in aqueous solution with that of metmyoglobin crystals was 

performed by Keller and Debrunner ( 1980). A near identity in the conformational 

contribution to the mean-square displacement was found. This suggests that the 

conformational fluctuations occur independently of the matrix, and are thus an 

intrinsic property of the protein. 
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3.3 Xylanase Mechanism 

The thermophilic xylanase used in these studies was obtained from an E.coli clone 

containing the gene from Thermotoga sp. strain FjSS3-B. l. Strain FjSS3-B. l was 

enriched from an intertidal hot spring in Fiji and is an extremely thermophilic 

anaerobic eubacterium, which grows optimally at 80°C (Simpson et al., 1991). 

The recombinant enzyme is a single subunit enzyme with a molecular mass of 

40.5 kDa as determined from the DNA sequence (Saul et al., 1995). 

Glycosyl hydrolases have been classified into families based upon conserved 

amino acid sequence similarities in the catalytic domains, with over 70 different 

families being classified so far (Henrissat, 1991; Henrissat and Davies, 1997; 

Gilkes et al., 1991; Henrissat and Bairoch, 1993). These sequences are available 

through a web-site that gives updated listings of these family members, as well as 

information on the identities of important amino acid residues (http://afmb.cnrs­

mrs.fr/~pedro/CAZY /db.html). A further grouping has also been suggested, as 

the three-dimensional structures have been determined for representatives from 

the various families. A 'clan' is a group of families that are thought to have a 

common ancestry, and have significant similarities in tertiary structure, as well as 

conservation of the catalytic residues and catalytic mechanism (Henrissat and 

Bairoch, 1996). The xylanase from strain FjSS3-B. l belongs to family IO of 

glycosyl hydrolases. 

Xylanases are one of the many enzymes involved in the enzymatic degradation of 

xylan. The xylanase used in this study is an endo-P-1,4-xylanase (EC 3 .2.1.8), 

which cleaves the internal P-1,4-glycosidic linkages of the heteroxylan backbone, 

with retention of configuration at the anomeric carbon. Retaining p-glycosyl 

hydrolases may adopt a wide variety of folding motifs, but the catalytic 

mechanism is similar. Koshland (1953) first proposed that the retention of 

anomeric configuration worked via a double-displacement mechanism involving 

an enzyme nucleophile. Evidence suggests that a covalent glycosyl-enzyme 

intermediate is formed and then released via oxocarbenium-ion-like transition 

states (Sinnott, 1990). 
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Two carboxyl groups are the key catalytic residues, and are only approximately 

5.5 A apart for retaining ~-glycosidases. One carboxyl serves as the catalytic 

nucleophile, forming a covalent glycosyl-enzyme intermediate. The second 

carboxyl group provides acid/base assistance, functioning initially as a general 

acid catalyst to protonate the glycosidic oxygen of the scissile bond, concomitant 

with bond cleavage. In the second step of the reaction the carboxyl group acts as 

a base catalyst by deprotonating the incoming water molecule, which attacks at 

the anomeric center and displaces the sugar (Sinnott, 1990; Zechel and Withers, 

2000; White and Rose, 1997; Withers, 2001 ). The mechanism for retaining 

glycosyl hydrolases is illustrated in Figure 3.1. Substrate cleavage is defined to 

occur between binding sites -1 and + 1, with the negative side representing the 

non-reducing end of the substrate (Davies et al., 1997). 
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Figure 3.1. Mechanism of action of retaining p-glycosyl hydrolases. The symbol t denotes 
the transition states in the reaction, and ROH represents the leaving aglycone. Reproduced 
from Ly and Withers, 1999. 

The overall structure of family 10 xylanases consists of an 8-fold Wu-barrel. The 

active site is an open cleft, with two conserved glutamate residues acting as the 

catalytic nucleophile and acid/base catalyst (Jenkins et al., 1995). The enzyme­

substrate interactions include both hydrogen bonding between the carbohydrate 

ring oxygens and hydroxyls and polar residues on the protein, as well as 

hydrophobic interactions between the xylose rings and aromatic side chains (Lo 

Leggio et al., 2000). The polar aromatic residues around the active site are highly 
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conserved, as well as a line-up of negative charges within the cleft (Natesh et al., 

1999). A suggestion has been made that the active site of a retaining ~­

glycosidase is of a largely structurally static nature, while being electronically 

dynamic. The enzyme is thought of as providing a pre-organised cavity in which 

the substrate can optimally undergo binding rearrangement, due to the positioning 

of functional groups. Therefore, very little change is needed in the enzyme 

·structure during catalysis, while substantial conformational changes in the 

substrate take place (Zechel and Withers, 2000; Withers, 2001). 

In all known structures, the length of the active site cleft is approximately 30 A 

long, suggesting the presence of 6 to maybe 7 subsites. From subsite mapping 

studies on the endo-~-1,4-xylanase from Crytococcus albidus, it was shown that 

the subsite-binding energies are highest for subsites -2 and + 2 (Biely et al., 

1981 a). Lo Leggio et al. (2000) determined the structure of the complex between 

a catalytically compromised Pseudornonas jl.uorescens xylanase A and 

xylopentaose. They found the loss of accessible surface area at individual subsites 

on binding xylopentaose paralleled earlier results from measurements of subsite 

binding energies, that showed decreasing binding energy on going from subsite + 2 

to +4. They also concluded that the xylosyl residue at subsite -I is distorted and 

pulled toward the catalytic residues, causing the glycosidic bond to be strained, 

leading to the formation of the enzyme-substrate covalent intermediate. 

Retaining glycosyl hydrolases are known to also display transglycosylation 

reactions (Armand et al., 1996; Moreau et al., 1994; Hays et al., 1998). This is 

also seen in the activity of family 10 xylanases on xylooligosaccharides. At low 

substrate concentrations the enzymes appear to be strictly hydrolytic, but at higher 

substrate concentrations substantial transferase activities can be observed. The 

fact that transglycosylation activity with family 10 enzymes is only observed at 

high substrate concentrations, can be explained by poor ligand recognition at the 

plus subsites (Ntarima et al., 2000). The mechanism of substrate digestion by the 

endo-~-1,4-xylanase of Cryptococcus albidus was investigated by Biely et al. 

( 1981 b ). Xylobiose was shown to be a poor substrate for hydrolysis, agreeing 

with their earlier work that subsites + I and -1 have low affinity for xylosyl units. 

For xylotriose, xylotetraose and xylopentaose, the bond cleavage frequencies were 
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found to be concentration dependent. At high substrate concentration, reactions 

such as xylosyl and xylobiosyl transfer occurred and resulted in formation of 

products larger than the starting substrate. Xylose and xylobiose were found to 

enter the reaction pathway as glycosyl acceptors. The results also showed that the 

enzyme-glycosyl intermediates effective in the transfer reactions were formed 

from the non-reducing end units of the oligosaccharides. 

Glycosyl transfer reactions are also observed with activity on synthetic substrates 

(Biely et al., 1980; Biely et al., 1997). The reaction rate shows a sigmoidal 

dependence on substrate concentration. At higher substrate concentrations the 

enzymes catalyse the degradation of the substrate by a complex reaction pathway 

involving a series of glycosyl transfer reactions followed by hydrolysis (Biely et 

al., 1997). The xylanase from Cryptococcus a/bidus was shown to be unable to 

catalyse simple hydrolysis of the substrate phenyl-xyloside, even at low substrate 

concentrations, suggesting that any degradation mechanism involved 

transglycosylation reactions, with xylobiose as the dominant product (Biely et al., 

1980). In this case aryl xylosides are better substrates for glycosyl transfer than 

for hydrolysis. 

As the Thermotoga xylanase is being studied in alcohol-based cryosolvents, a 

particular mention should be made of the complication that can arise for 

hydrolytic enzymes in these solutions. Many retaining glycosidases will transfer 

glycosyl residues to low molecular weight alcohols such as methanol, as well as to 

water (Sinnott, 1990; Fink and Geeves, 1979). An alcoholysis reaction catalysed 

by ~-galactosidase was first described in 1912 (Wallenfels and Malhotra, 1961 ). 

Another example is the direct transglycosylation reaction between xylan and 

octanol, catalysed by xylanase from Aureobasidium pullulans, used to produce 

octyl ~-o-xylobioside (Matsumura et al., 1999). In cases where these reactions 

occur, the interpretation of the effect of the cosolvent on the catalytic parameters 

is somewhat more complicated if the rate-determining step involves the attack of 

water. If there is no specific binding site for the alcohol, then a linear relationship 

between cosolvent concentration and the increased rate should result. This is due 

to the fact that alcohols are usually more effective attacking agents because of 

their better nucleophilicity. The increased rate brought about by the alcohol, 
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however, can also lead to a change in the rate-determining step (Fink and Geeves, 

1979). 

3.4 Theory of Neutron Scattering 

The properties of neutrons make them a unique tool for studying the dynamical 

properties of proteins and cryosolvents on the nanosecond to picosecond 

timescale. Compared with the quanta used in other radiation scattering 

techniques, neutrons have a large rest mass, m. For a neutron with a de Broglie 

wavelength Ao, the neutron velocity and energy are given by: 

Vo=~ and 
mA.o 

where v0 is the velocity, E0 is the energy and his Planck's constant (Middendorf, 

1984 ). A neutron produced from a typical source possesses a wavelength of a few 

A, and will therefore have energy of a few me V. This means that a neutron with a 

wavelength of a few A, which allows the study of protein features on the scale of 

interatomic distances, has an energy very similar to that required to excite 

molecular motions. Thus the energy and momentum exchanged between the 

neutron and the protein can be significant fractions of the values possessed by the 

incident neutron. This allows the unique ability to energy-analyse the intensity at 

each scattering angle, and therefore to obtain time- and space-dependent 

information on the molecular motions in the protein sample (Smith, 1991). For 

comparison, if X-rays with a wavelength of a few A are considered, the 

corresponding energy is given by: 

E=hc 
A. 

where c is the speed of light (Tipler, 1991 ). The energy of the X-rays will be 

several orders of magnitude greater than the energy required to excite molecular 

motions in the sample, and also the energy of a neutron with a similar wavelength. 

Neutron energies have been given in meV, but it should be noted that the 

following energy units can be used: 

I THz = I ps-1 = 4.13 meV = 33.35 cm-1 = 48.02 K. 
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The units of cm-1 are simply used as a convenient energy measure, defined as 

shown, without any reference to optical spectroscopy (Middendorf et al., 1984). 

Neutrons interact with molecules primarily by a neutron-nuclear interaction. The 

'scattering efficiency' of neutrons by different elements and isotopes, varies 

irregularly through the periodic table (Shapiro and Shirane, 1991 ). This means 

that unlike X-ray studies, a light element, such as hydrogen, can contribute to the 

scattering from molecules just as much as a heavier element. The scattering from 

a single atom can be characterised by a single parameter, the scattering length, b. 

The total scattering cross section, cr, from a single stationary atom is given by 

4nlb( However, the value of b depends on the nuclear spin. A neutron has a spin 

Yi, and can interact with a nucleus of spin i in states of total spin i + Yi or i - Yi. 

The scattering length is different for each of these processes. In a sample, the 

nuclear spin orientation of the atoms will be randomly distributed. 

Two types of scattering will therefore be seen, one due to the average scattering 

length, b, (averaged for isotope distribution, nuclear spin distribution etc.), and 

one due to fluctuations from the average, b-b. Coherent scattering arises from the 

average scattering amplitude, b, and can give interference effects due to 

correlations in the positions of different atoms. The deviations from the average, 

b-b, are randomly distributed so do not produce interference effects, but give 

incoherent scattering. The intensity of incoherent scattering is determined by self­

correlations in the atomic positions (Smith, 1991). 

For a protein, the largest cross-section is due to incoherent scattering from 

hydrogen atoms. The incoherent cross section for hydrogen is 80 barns (I barn is 

10-24 cm2), which is an order of magnitude greater than any other atom found in 

proteins (Engelman et al., 1984). Consequently the incoherent scattering from 

hydrogen is a significant component of the neutron scattering from proteins. In 

proteins hydrogen atoms are uniformly distributed over the macromolecule, and 

so neutron scattering leads to a global view of protein dynamics. 

In a neutron scattering experiment, the incident and scattered neutrons are 

described by waves with wave vectors k and k', respectively, with the resulting 

scattering wave vector q = k-k'. This can be represented by the following 

diagram, where 0 is the scattering angle. 
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k 

The change in energy and momentum is given by liq = li(k-k') and liro = E-E', 

respectively, where k = 2n/'>-., Ii = h/2n, ro is the exchange of energy with the 

sample, and E and E' are the initial and final energy of the scattered neutron, 

respectively (Middendorf et al., 1984 ). A useful relationship between the energy 

and the momentum transferred, which is essentially an expression of the 

conservation of energy, is given by: 

liro = E-E' = h:_(k2-k'2) 

2m 

(Lovesey, 1984). Wave vector and energy changes in the ranges [0.01 < q (A"1) < 

30] and [1 µeV < nro < 1 eV] are readily measurable in available spectrometers. 

If incoherent scattering is considered, which is the dominant form of scattering 

from proteins due to the hydrogen atoms, the scattering profile can be divided into 

three regions. These are the elastic, quasielastic, and inelastic regions. Inelastic 

scattering is due to the exchange of energy with vibrational modes in the 

molecule. Quasielastic scattering is the result of stochastic motions, such as 

intramolecular barrier crossing events and overdamped vibrational modes. Elastic 

scattering occurs when there is no exchange of energy between the neutrons and 

the sample. Generally, the more confined the atom is, the more intense its elastic 

scattering (Smith, 1991). 

In the neutron scattering studies carried out on the enzyme cryosolvent solutions, 

the elastic scattering intensity was used as an indication of the protein dynamics at 

various temperatures. The quantity measured is the incoherent dynamic structure 

factor, S(q,ro=O), which is the space-time Fourier transform of the self-correlation 

function Gs(r,t) which describes the correlation of the position, r, of an atom at 

time zero with the position of the same atom at time t (Cusack and Doster, 1990). 

For systems in which only harmonic vibrational motion is present, the elastic 

scattering follows the relationship that In S(q,O) is proportional to q2. If a 
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dynamical transition occurs involving the appearance of anharmonic motion, such 

as diffusion, a sharp decrease in the elastic intensity S( q,O) is seen at the 

temperature at which the transition occurs. For the neutron scattering experiments 

conducted the elastic scattering was used to calculate the average dynamical 

mean-square displacement, (u2), of the protein. A sharp decrease in the elastic 

intensity will be shown as an increase in (u2). 

The measurement of momentum and energy transfers between the incident 

neutrons and the protein sample can be performed in various ways. The energy 

resolution of the spectrometers is an important characteristic in neutron scattering 

experiments. As the resolution is finite, the elastic peak is not a perfectly sharp 

line but has a characteristic width. The resolution is given as the full width half 

maximum (FWHM). The width of the peak, or resolution, is important as it 

determines the longest timescale of motions detectable by the instrument. 

Motions which are slower that those detectable will lead to quasielastic 

broadening of the elastic peak, which will be negligible compared to the 

characteristic instrumental elastic peak width (Smith, 1991 ). For example, the 

instruments IN6 and IN16 at the Institut Laue-Langevin (ILL) have energy 

resolutions of 50 me V and I me V, respectively (lbel, 1994). This means that only 

motions faster than approximately 100 ps can contribute to the scattering from 

IN6, and motions faster than approximately 5 ns contribute to the scattering from 

IN16. This in tum determines the timescale of the motions that contribute to the 

average dynamical mean-square displacement calculated from each instrument. 

3.5 Methods and Materials 

3.5.1 Neutron Scattering 

The experiments were performed on the thermophilic xylanase from Thermotoga 

sp. strain FjSS3-B.1 in a dry powder, in D20, and in single-phase water-solvent 

mixtures consisting of 40% CD300/60% D20, 70% C030D/30% D20, 40% 

DMS0/60% D20, and 80% DMS0/20% D20 (all solvent percentages are given 

by volume). The equivalent mixed solvent solutions in the absence of protein 

were also examined. 
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The dynamic neutron scattering measurements were performed on the IN6 time­

of-flight spectrometer at the Institut Laue-Langevin, Grenoble. The incident 

neutron wavelength was 5 .12 A, with an energy resolution of 50 µe V. All data 

were collected with the sample holder oriented at 135° relative to the incident 

beam. The samples were contained in aluminium flat-plate cells of 0.7 mm 

thickness for the protein-cryosolvent and 2 mm thickness for the cryosolvent 

solutions. The following protein solutions were run (with their measured 

transmission in parentheses): 68 mg/ml xylanase in 70% CD30D/30% D20 (0.89); 

68 mg.ml xylanase in 40% CD30D/60% D20 (0.88); 51 mg/ml xylanase in 80% 

DMS0/20% D20 (0.87); 68 mg/ml xylanase in 40% DMS0/60% D20 (0.90); 100 

mg/ml dry powder xylanase (0.98); and 100 mg/ml xylanase in D20 (0.90). The 

dry powder was prepared by freeze drying and then holding at 100 milliTorr for 2 

days at 200°C. The following perdeuterated solvents were run: 70% CD30D/30% 

D20 (0.80); 40% CD30D/ 60% D20 (0. 79); 80% DMS0/20% D20 (0.80); 40% 

DMS0/60% D20 (0.86); and pure D20 (0.82). 

Samples were first cooled to 110 K and then heated up to 300 K in steps of 10 K. 

Raw data were corrected in identical fashion. The elastic intensity was 

determined by integrating the detector counts over the energy range of the 

instrumental resolution. The detectors were calibrated by normalizing with 

respect to a vanadium sample. The cell scattering was subtracted, taking into 

account attenuation of the singly scattered beam. Finally, the scattering was 

normalized with respect to that at the lowest measured temperature, 110 K. 

At the end of each experiment, the activity of the enzyme preparation was 

checked to ensure that the enzyme was stable under the experimental conditions. 

Full activity was recovered confirming that no denaturation of the enzyme sample 

had occurred. 

3.5.2 Differential Scanning Calorimetry 

The DSC measurements were made using a Shimadzu DSC-60 differential 

scannmg calorimeter, at the Thennal Methods Laboratory, Birkbeck College, 

London. The samples were sealed in 30 µI aluminium crucibles, with sample 

weights of approximately 10 mg. Helium was used as the purge gas of the 
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sample. All data were collected during heating at a standard rate of I 0°C/minute. 

An empty crucible was used as the reference. The instrument was calibrated with 

respect to temperature with water and ammonium phosphate (NH4H2P04), which 

undergo a reversible phase transition at 0°C and -125°C, respectively. The peak 

area of the instrument was calibrated with an indium standard. As mentioned 

earlier, endothermic transitions are shown as a downward 'peak', while 

exothermic transitions are shown as an upward 'peak'. 

Protein samples in various perdeuterated solvents were run. To prevent hydrogen­

deuterium exchange occurring between the protein and the solvents, the protein 

samples were previously exchanged with deuterium. The protein samples were 

twice dissolved in D20 (IO mg/ml), and then freeze-dried. To ensure exchange 

had reached equilibrium, the samples were left at room temperature for at least 12 

hours. The following protein samples, all at 30 mg/ml, were run: xylanase in 40% 

CD30D/ 60% D20; xylanase in 70% CD30D/ 30% D20, xylanase in 40% DMSO/ 

60% D20; and xylanase in 80% DMSO/D20. A glutamate dehydrogenase protein 

sample (60 mg/ml) was also run in the hydrogenated solvent 70% methanol/ 30% 

water. 

3.5.3 Xylanase Methods 

3.5.3.1 Xylanase assay 
Xylanase was assayed by measurmg the release of nitrophenol from o-

nitrophenyl-13-o-xylopyranoside. The enzyme was routinely assayed in a reaction 

mixture containing IO mM o-nitrophenyl-13-o-xylopyranoside, 10 mM sodium 

acetate/acetic acid buffer, pH 5.5, and enzyme, with a total assay volume of I 00 

µI. The reaction was stopped by the addition of 500 µl of ice-cold I M sodium 

carbonate, and the assays put on ice for at least two minutes. The absorbance at 

420 nm was then read in plastic cuvettes. 

For assays in cryosolvents, sodium acetate/acetic acid buffers giving a final paH of 

approximately 5.3 to 5.5, at the assay temperature, were used. The pH of the 

appropriate aqueous buffer at 20°C was determined from data compiled by 

Douzou and colleagues (1976). The assays were started by the addition of 

enzyme. For enzyme assays at 0°C the tubes were incubated on ice, for other 
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temperatures the assays were kept in insulated containers in fridges or freezers. 

Some assays below 0°C were incubated in a cooled methanol bath at the 

appropriate temperature. The assays were stopped by the addition of 500 µl of 

3:5:2 (v/v) ethanolamine/DMSO/water, pre-cooled to below the assay 

temperature. The stopped assays were incubated at the assay temperature for at 

least 30 minutes to ensure complete cessation of activity, before being gradually 

warmed to room temperature. 

3.5.3.2 HPLC determination of reaction products 
The reaction products were determined by high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAE-PAD) (Dionex). A 

CarboPac PAI Analytical (4 x 250 mm) column and guard (4 x 50 mm) column 

were used. All buffers were prepared with MQ water and certified 50% (w/w) 

sodium hydroxide (Fisher Scientific), purged with helium gas to remove dissolved 

carbon dioxide. The column was equilibrated with 20 mM sodium hydroxide. 

The eluent was kept at 20 mM sodium hydroxide for the first five minutes, 

followed by a linear gradient to 200 mM sodium hydroxide over ten minutes, and 

then maintained at this concentration for five minutes. A linear gradient from 200 

mM to 20 mM sodium hydroxide was then run over five minutes, with conditions 

maintained at the lower concentration for a further ten minutes to ensure all 

compounds were eluted. A 50 µl sample was taken to fill a 25 µl sample loop. 

The sample was loaded at one minute through the gradient programme. Standards 

dissolved in MQ water and samples from various enzyme assays were run. Most 

samples were loaded directly unless previously diluted with MQ water to reduce 

the organic solvent concentration. 

3.5.3.3 Electrospray mass spectrometry of reaction products 
All electrospray mass spectrometry (ES-MS) measurements were carried out on a 

VG Platform II mass spectrometer (Fisons/Micromass) equipped with an 

electrospray interface. The samples were run under standard conditions with an 

injection volume of IO µl, nitrogen gas as the drying agent, and methanol as the 

carrier solvent, at a flow rate of 0.02 ml/minute. Positive ion scans were run, with 

a cone voltage of 160 V. Data was collected for approximately one minute, at a 

scan rate of 1.5 seconds/scan, and then averaged to give the final relative peak 
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intensities. Sodium chloride was added to the samples, to improve the signal to 

noise ratio of the samples (Skinner and Manley-Harris, personal communication). 

The assay samples were injected directly without removal of the enzyme, as it did 

not interfere in the spectrum. When a time course of the reaction was performed, 

it was assumed that the reaction would cease upon injection in to the ES-MS, 

obviating the need for a stopping reagent. 

3.6 Results 

3.6.1 Effect of Solvents on Protein Dynamics 

The effect of varying solution composition on the picosecond time-scale dynamics 

of the enzyme xylanase was investigated by dynamic neutron scattering (Reat et 

al., 2000a). The enzyme xylanase was chosen, because a significant amount of 

cryoenzymology work had previously been done with this enzyme (Dunn, 1998; 

Dunn et al., 2000). A summary of the main experimental results shall be given 

here, with full details and figures available in the attached paper (Appendix B). 

The dynamic neutron scattering experiments were performed on dry xylanase 

powder, xylanase in D20, xylanase in 40%/60% and 80%/20% deuterated 

DMS0/020, and xylanase in 40%/60% and 70%/30% C030D1D20. The 

corresponding perdeuterated solvents were also analysed. As mentioned earlier, 

only motions faster than 100 ps contribute to the calculated mean-square 

displacement of the atoms. 

For the dry powder sample only a small increase in the cross section-weighted 

average mean-square displacement, (u2>, with temperature over the range 

examined (100 K to 300 K) was seen. The major component of this (u2) is 

expected to be due to small-amplitude, solid-like, vibrational dynamics. The 

possibility of a small contribution from anharmonic motions cannot be excluded. 

A marked transition in the neutron scattering data was not observed for this 

sample, as obtained with previous work on other enzymes (Ferrand et al., 1993). 

The general shape of the integrated elastic intensity, SINT(T), for the xylanase in 

0 20 resembled that for the pure 020 sample. A gradual decrease with 

temperature was seen from 110 K to 280 K, with a sharp transition occurring due 
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to melting of the solution. At the transition point there is a strongly nonlinear 

increase of (u2) with temperature, which is consistent with the activation of 

anharmonic picosecond dynamics. The transition is seen to be less steep and 

begin at a slightly lower temperature (approximately 270 K) for the xylanase in 

D20 sample, compared to the pure D20 sample (approximately 280 K). This 

suggests that the protein acts to depress the freezing point of the solution. 

The dynamic behaviour for both the enzyme-cryosolvent and pure cryosolvent 

samples is different compared to the D20 samples. For the cryosolvent samples 

the decrease of SINr(T) with temperature is much more gradual. The dynamics of 

the protein solutions approximately follow that of the pure solvents. In the 

protein-cryosolvent solutions, large-amplitude anharmonic dynamics are activated 

at significantly lower temperatures than in the protein-D20 sample, as observed 

from a plot of (u2) versus temperature. The (u2) data in the four protein­

cryosolvent systems are essentially identical, with the activation of anharrnonic 

motion seen near 230 K. The increase of (u2) with temperature is much more 

gradual, resembling that observed with hydrated protein powders (Doster et al., 

1989). 

From DSC and synchrotron X-ray diffraction measurements, it was confirmed that 

the melting temperatures of the perdueterated cryosolvents agreed with published 

results for the equivalent hydrogenated solvents (Douzou et al., 1976; Weast, 

1974). The melting temperature was found to be between 170-190 K for the 70% 

CD30D/30% D20 cryosolvent, and near 235 K for the remaining cryosolvents. 

Therefore, for three of the four enzyme-cryosolvent samples, the dynamical 

transition is seen to occur at approximately the same temperature as their phase 

transition. However, for the enzyme in 70% CD30D/D20, no activation of 

anharmonic motion is observed near the highest melting point of 190 K, but 

occurs at the higher temperature of approximately 230-235 K. There is therefore 

remarkably little difference in the picosecond dynamics of the enzyme­

cryosolvent samples, despite greatly different compositions, water contents and 

highest melting points. 

These results show that for various protein-solvent samples the dynamic transition 

is strongly coupled to the melting of pure water, but is relatively invariant in 
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cryosolvents of differing compositions and melting points. As already mentioned, 

the transition itself is also more gradual in the protein-cryosolvent solutions than 

in the D20 samples. It would therefore be interesting to see how the dynamic 

behaviour varied with cosolvent concentration, and if there was a change to the 

sharp D20 transition behaviour at a particular cosolvent concentration. 

3.6.2 DSC Studies of Enzyme-Cryosolvent Solutions 

The effect of high protein concentrations on the phase transitions of cryosolvents 

was investigated by DSC. The resulting DSC curves for deuterated xylanase in 

various perdeuterated cryosolvents are shown in Figures 3.2 to 3.5. The 

cryosolvents chosen were the same as those used in the neutron scattering studies 

of xylanase-cryosolvent solutions. The DSC curve obtained for glutamate 

dehydrogenase in the hydrogenated solvent 70% methanol/30% water is shown in 

Figure 3 .6. The DSC curves obtained for the corresponding straight cryosolvents 

are also shown to enable easy comparison. Only the relative positions of the 

thermal transitions should be compared, as the thermograms have not been 

normalised with respect to sample weight. 

For xylanase in 40% CD30D/60% D20 there is a broad exothermic peak at 

-110°C, followed by a sharp endothermic peak at -I00°C (Figure 3.2). These 

transitions are probably due to crystallisation followed by melting as the 

temperature is increased. It is interesting to note that the beginning of the 

exothermic transition coincides with a potential glass transition at -l I 5°C in the 

pure cryosolvent sample. An endothermic transition near -100°C is also seen in 

the DSC curve of the straight cryosolvent. There is also a broad endothermic 

transition seen near -28°C, which is also observed in the DSC curve for 40% 

CD30D/60% D20, and is probably due to melting of the sample. The broadness 

of the transition may be due to inadequate sample sealing, and should probably be 

resealed to confirm this. 

For xylanase in 70% CD30D/D20 there is a potential glass transition at -l l 5°C, 

seen as a small shift in the baseline, followed by an endothermic peak near 

-I01°C, which is probably due to melting of the sample (Figure 3.3). A potential 

glass transition was not observed for the pure cryosolvent sample, although DSC 

does not easily detect such transitions. The endothermic peak at -10 I °C was 
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reflected in the pure solvent sample, although a double endothermic peak was 

observed. The equivalent hydrogenated solvent 70% CH30H/H20 gave a similar 

DSC curve in the presence of glutamate dehydrogenase, even though the protein 

concentration was double that of the xylanase solution (Figure 3.6). A double 

endothermic peak was observed near -100°C, which again is probably due to 

melting in the sample. A broad endothermic transition for the hydrogenated 

cryosolvent was also observed at a similar temperature of -I01°C. 

For xylanase in 40% deuterated DMS0/60% D20 there is an endothermic peak at 

- l 20°C, which may have an associated shift in baseline. This is followed by a 

broad endothermic transition at -28°C, which is probably due to melting in the 

sample (Figure 3.4). The DSC curve for the pure cryosolvent is very similar, with 

only the initial endothermic transition observed at a slightly lower temperature of 

- l 24°C. The two endothermic peaks observed for the protein-cryosolvent sample 

are known to be reversible, as they were still detected after a further cool/heat 

cycle of the sample. 

For xylanase in 80% deuterated DMS0/20% D20 an endothermic transition was 

seen at -121 °C, again at a slightly higher temperature than the corresponding 

transition in the pure cryosolvent DSC curve (Figure 3.5). There is also a 

potential change in heat capacity, as shown by a shift in the baseline, near -I00°C. 

It is difficult to know if a similar transition is present in the pure cryosolvent 

sample, as the baseline is very noisy around this temperature. A broad 

endothermic transition is also observed, with the peak centered at -20°C. The 

temperature of this transition is significantly different to that observed for 80% 

deuterated DMS0/20% D20, where the peak of the transition is at a lower 

temperature of -27°C. 

Overall, the thermal transitions occurred at essentially the same temperature for 

the protein-cryosolvent samples as the corresponding straight cryosolvent 

solutions. This is in agreement with X-ray diffraction experiments, where the 

addition of glutamate dehydrogenase (60 mg/ml) was found not to affect the 

crystallisation or phase separation of the various cryosolvents (Reat et al., 2000b). 

The only exception was for 50% acetone/30% ethanediol/20% water, where the 

presence of protein eliminated the slight crystallisation observed at approximately 



Protein-Solvent Interactions 83 

-l 25°C. This is interesting, as one of the few significant changes observed upon 

addition of protein was the appearance of an exothermic transition most likely due 

to crystallisation in the sample, for 40% CD30D/D20. The other significant 

change observed was the shift of a broad endothermic transition from near -27°C 

to near -20°C for 80% deuterated DMS0/20% D20 upon addition of enzyme. It 

might be worthwhile to repeat the sample to ensure this result is reproducible, as 

this effect was not seen for any of the other cryosolvent compositions. 

It would be interesting to further characterise the protein-cryosolvent solutions by 

the DMTA technique, as it is able to detect glass transitions more easily. This 

would perhaps allow more subtle changes in thermal properties to be detected. 

10.0 

0.0 

~ -10.0 

-20.0 

-30.0 +---.....----.....--..--.....---..-.....--,--r--, 

-160 -120 -80 -40 0 40 

Temperature (°C) 

Figure 3.2. DSC curve for xylanase dissolved in 40% CD30D/60% D20 to a final 
concentration of30 mg/ml and for 40% C030D/D20 as a comparison (thicker line). 
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Figure 3.3. DSC curve for xylanase dissolved in 70% CD30D/30% D20 to a final 
concentration of 30 mg/ml and for 70% CD30D/D20 as a comparison (thicker line). 
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Figure 3.4. DSC curve for xylanase dissolved in 40% deuterated DMS0/60% D20 to a final 
concentration of 30 mg/ml and for 40% deuterated DMS0/60% D20 as a comparison 
(thicker line). 
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Figure 3.5. DSC curve for xylanase dissolved in 80% deuterated DMS0/20% D20 to a final 
concentration of 30 mg/ml and for 80% deuterated DMS0/20% D20 as a comparison 
(thicker line). 
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Figure 3.6. DSC curve for glutamate dehydrogenase dissolved in 70% CH30H/30% H20 to 
a final concentration of 60 mg/ml and for 70% CH30H/30% H20 as a comparison (thicker 
line). 

3.6.3 Effect of Solvents on Xylanase 

Since it was found that the protein dynamics were significantly different in 

cryosolvent as compared to aqueous conditions, it was decided to investigate 

further the effect of solvents on enzyme activity. The effect of increasing 

methanol concentration on xylanase activity was investigated. It was thought that 

a change in the picosecond dynamics with solution composition might be reflected 

in the activity data. The stability of xylanase in the cryosolvents used in the above 

neutron scattering work was also determined. 
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3.6.3.1 Stability of xylanase in cryosolvents 
The stability of xylanase in the various cryosolvents used in the neutron scattering 

experiments was investigated. From previous studies, it was shown that no 

significant loss of activity occurs when the enzyme is incubated at 0°C in the 

various cryosolvents over a 12 hour period (Dunn, 1998). This is important for 

the neutron scattering experiments, as it demonstrates that the protein is stable in 

the cryosolvents, even after the relatively long data collection times required. In 

this work, the stability of xylanase in the cryosolvents was determined at higher 

temperatures to enable potential differences to be distinguished. 

For stability detenninations at 50°C, the enzyme in the appropriate cryosolvent 

was incubated in small diameter plastic tubes, covered with parafilm, in a total 

volume of 200 µI. At the required time intervals tubes were removed from the 

50°C water bath and put on ice. Aliquots were then removed and assayed for 

remaining activity at 80°C by the routine assay method. A similar procedure was 

used to determine the stability of xylanase in 40% DMS0/60% H20, as 

evaporation of the sample was not significant. However, when stability assays 

were conducted at 60°C in 40% methanol/60% H20, the samples had to be sealed 

in glass capillary tubes to prevent evaporation. The capillaries were filled with 50 

µl samples, and completely immersed in an oil bath at the required temperature. 

The capillaries were put on ice at the appropriate time intervals. A 10 µl aliquot 

was then taken and assayed for remaining activity. The percentage remaining 

activity is relative to a zero time sample, taken before the enzyme-cryosolvent 

solutions were heated at the required temperature. The results are shown in 

Figures 3.7 to 3.9. 
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Figure 3.7. Xylanase stability in 70% methanol/30% water (0) and 80% DMS0/20% water 
(D) at 50°C. 
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Figure 3.8. Xylanase stability in 40% methanol/60% water at 60°C. 
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Figure 3.9. Xylanase stability in 40% DMS0/60% water at 80°C. 

2000 

For all of the above temperatures, an aqueous enzyme control showed no loss of 

activity during the time of incubation. This agrees with the reported half-life of 

xylanase in water, which is found to be greater than 20 hours at 95°C (Thompson, 
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personal communication). The half-lives were calculated to be approximately: 20 

minutes at 50°C in 70% methanol/30% water; less than two minutes at 50°C in 

80% DMS0/20% water; 18 hours at 60°C in 40% methanol/60% water; and 6 

hours at 80°C in 40% DMS0/60% water. It is clear that as the cosolvent 

concentration increases, the xylanase stability decreases. The enzyme also 

appears to exhibit greater stability in methanol-based cryosolvents compared to 

DMSO-based cryosolvents. The temperature dependence of solution properties 

would be different for each of the cryosolvents, and may account for some of the 

variation in stability observed at higher temperatures. 

Another possibility is that the solvent may be perturbing the shell of molecules 

closest to the protein thereby potentially destabilising the enzyme. As the stability 

results vary with cryosolvent composition, it suggests that the solvent shell may 

be different for each of the samples. There is some evidence that non-water 

solvent molecules do interact with the protein surface directly (Ringe, 1995; 

Lehmann et al., 1985; Lehmann and Stansfield, 1989). However, from the 

similarity in the dynamic neutron scattering results for the various xylanase­

cryosolvent solutions, it was suggested that perhaps the solvent shell is 

qualitatively similar for each of the cryosolvents (Reat et al., 2000a). 

3.6.3.2 Effect on catalytic properties 
The effect of increasing methanol concentration on the catalytic properties of 

xylanase was investigated. This work was conducted using the chromogenic 

substrate o-nitrophenyl-~-o-xylopyranoside (ONP-xylose ). Lineweaver-Burke 

plots of the data were graphed to ensure that Michaelis-Menten kinetics was 

followed. The kinetic parameters, KM and V max, were detennined from Direct 

Linear plots of the data. The results are presented in Tables 3.1 to 3.2, and plotted 

in Figures 3.10 to 3.11. The V max values are expressed as percentage activity 

values in the data shown in Table 3.2, and as log (percentage activity) values in 

Figure 3.11. 
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Table 3.1. Effect of temperature and solution composition on the KM (mM) values for o­
nitrophenyl-13-D-xylopyranoside of xylanase. 

Solution Composition (v/v) 
100% Water 
2% Methanol 
5% Methanol 
10% Methanol 
15% Methanol 
20% Methanol 
30% Methanol 
40% Methanol 
50% Methanol 
70% Methanol 
80% Methanol 

-22 

1.96 
2.17 
4.84 
15.57 
25.2 

Temperature (°C) 
0 8 15 

0.41 0.35 1.1 8 

3.2 2.23 2.25 
3.51 3.36 2.8 
3.13 2.35 4.8 
3.15 2.09 
3.7 6 

3.78 
7.5 12.15 
7.8 

21.5 16 
23.77 

30 
1.05 
1.0 
2.1 
3.8 
6.5 
12 
16 

29.6 
21.8 

Table 3.2. Effect of temperature and solution composition on Vmax for o-nitrophenyl-13-D­
xylopyranoside of xylanase. V mu is expressed as percentage activity values, where 100% 
activity corresponds to 0.56 µmole/min/mg. 

Temperature (°C) 
Solution Composition (v/v) 0 8 30 
100% Water 100 169 1778 
2% Methanol 245 398 1659 
5% Methanol 257 549 2290 
10% Methanol 257 489 3467 
15% Methanol 223 478 4570 
20% Methanol 275 724 8128 
30% Methanol 251 6309 
40% Methanol 281 776 7244 
50% Methanol 251 4786 
70% Methanol 234 616 5128 
80% Methanol 266 
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Figure 3.10. Effect of methanol concentration on the KM (mM) for o-nitrophenyl-lJ-D­
xylopyranoside of xylanase at-22°C (0), 0°C (0), S°C (.6.) and 30°C (*). 

4.5 

4.0 6 - 6 
~ 3.5 6 
> 66 .:: u 
ca 3.0 

D ~ D D 0 DD D D -g> 2.5 
¢0 ¢ ¢ 

¢ ¢ ¢ ¢ 

2.0 

1.5 

0 10 20 30 40 50 60 70 80 

% Methanol (v/v) 

Figure 3.11. Effect of methanol concentration on the activity of xylanase for o-nitrophenyl­
lJ-D-xylopyranoside, at 0°C (0), S°C (0) and 30°C (.6.). The activity is expressed as the 
percentage residual activity corresponding to activity in aqueous solution at 0°C. 100% 
activity corresponds to 0.56 µmole/min/mg. 

From the data several trends can be seen in the effect of solution composition on 

KM, As the organic solvent concentration increases, the KM value increases. 

However, the change in KM value with methanol concentration does not exhibit 

the same behaviour at each temperature. The KM values display biphasic 

behaviour, with the transition point occurring at lower methanol concentrations 
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with increasing temperature. For example, at -22°C the transition in behaviour 

occurs between 40% to 50% methanol, whereas at 8°C the transition occurs 

between 15% to 20% methanol. This varying effect with temperature could be 

due to changes in the solution properties being temperature dependent. 

A possible explanation for the general trend of increasing KM values with 

methanol concentration could be due to the organic cosolvent exerting a negative 

effect on substrate binding. This is probably due to a hydrophobic partitioning 

effect, with the substrate having a reduced affinity for the active site compared to 

the aqueous system. Such an effect is predicted to result in an exponential 

increase in KM values, so that plots of log KM versus cosolvent concentration are 

linear (Fink and Geeves, 1979). Obviously, such an effect will be complicated if 

other factors are contributing to the changes in substrate affinity. When the data 

for 30°C is plotted as log KM versus methanol percentage, a linear relationship is 

observed up to a concentration of 20% to 30%, as shown in Figure 3.12. The data 

does not follow this relationship at higher methanol concentrations. This may be 

due to the enzyme not being fully saturated with substrate under these conditions. 

However, such a relationship is not seen with the 0°C data, also graphed in Figure 

3 .12. This could be due to the complication that more than one factor is 

contributing to the observed changes in substrate affinity. 
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Figure 3.12. Plot of log KM (mM) versus methanol concentration for xylanase at 0°C (0) and 
30°c <<>). 

There is also a general trend towards higher KM values with increasing 

temperature. Some of the data is graphed in Figure 3.13 to illustrate this trend. 

The increase in KM values is particularly evident for methanol concentrations of 
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15% and higher. However, for methanol concentrations of 5% and lower, 

excluding the aqueous solution, the KM values actually decrease with temperature, 

and at 10% methanol they remain approximately equal with temperature. The 

cause of the change in KM behaviour from low to high methanol concentrations is 

unknown. A change in KM values with temperature can be due to several reasons, 

and is not specific to organic solvent-water solutions. A change in temperature 

could produce a change in the state of ionisation of groups on the enzyme, 

modifying the affinity for the substrate due to a change in structure of the enzyme, 

or the ionisation of catalytic residues involved in substrate binding. An increase 

in the apparent Michaelis-Menten constant has also been observed with a number 

of other enzymes, including the muscle-type lactate dehydrogenase (Somero, 

1995). 
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Figure 3.13. Effect of temperature on the KM (mM) for o-nitrophenyl-~-D-xylopyranoside of 
xylanase, with a methanol concentration of0% (0), 5% (6.), 10% (X) and 20% (0). 

The effect of methanol concentration on V max is subtler than that for the KM 

values. At 0°C and 8°C the Vmax shows an initial increase in value from the 

aqueous solution to 2% methanol, after which it remains essentially constant. At 

the higher temperature of 30°C, a more gradual increase in V max values with 

methanol concentration is seen. The expected trend towards a greater catalytic 

rate with increasing temperature is also observed. These trends are illustrated in 

Figure 3 .11. A change in the reaction rate with cosolvent concentration could be 

due to several reasons. Most of the effects caused by the presence of organic 

solvents, as discussed in the introduction, would be expected to lead to a decrease 
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in activity. It would seem unlikely that a change in, for example, the enzyme 

structure would lead to a more efficient catalyst. Two possibilities that could lead 

to an increase in V max are that either the rate-determining step of the reaction is 

changing, or a change in mechanism is occurring upon addition of methanol to the 

enzyme assay. 

From the above results, a change in the temperature dependence of the KM values 

is seen at approximately 5% methanol, and an increase in the V max values is seen 

at only 2% methanol. From the dynamic neutron scattering results on the protein­

cryosolvent solutions, a change in dynamic behaviour was seen on moving from 

the D20-protein solution to the cryosolvent-protein solutions. It may be that 

either of the observed effects on the catalytic properties is related to a change in 

the dynamics of the enzyme upon addition of methanol. If this is so, it suggests 

that only 2% to 5% methanol is required to cause a change in the dynamic 

properties of the enzyme. 

3.6.3.3 Effect on reaction mechanism 

From the results of the effect of methanol concentration on the catalytic properties 

of the reaction of xylanase on o-nitrophenyl-P-o-xylopyranoside, it was decided to 

investigate the effect of methanol on the reaction mechanism. From the reaction 

mechanism proposed for aryl-xylosides of other enzymes, as well as the 

possibility of glycosyl transfer to the methanol, it was expected that multiple 

reaction products would be formed. The reaction products of xylanase activity in 

both cryosolvents and aqueous solution were determined by a combination of 

HPAE-PAD and ES-MS. 

Initially, the products formed from xylanase activity in aqueous solution and in a 

I 0% methanol solution, at 0°C, were compared qualitatively by HPAE-PAD. 

Three new unidentified peaks were seen in the chromatogram of the 1 0% 

methanol assay. A time course of the reaction was then performed to ensure that 

the observed peaks were actually products, and not artifacts due to the inclusion of 

methanol in the reaction. The three peaks were seen to increase in intensity with 

time, suggesting that they were in fact new products of the reaction. An overlay 

of the early part of the chromatograms is shown in Figure 3.14, with the relevant 

peaks occurring at 2, 2. 7, and 4.1 minutes. The detection of new products in the 



Protein-Solvent Interactions 94 

10% methanol assay indicated that methanol was probably involved in the 

reaction mechanism, either as a new substrate or by changing the reaction 

pathway. The products of the reaction in both aqueous solution and in the 

presence of methanol cosolvent were then characterised. 
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Figure 3.14. Time course of xylanase activity in 10% methanol on o-nitrophenyl-P-o­
xylopyranoside at 0°C, as determined by ES-MS. The overlaid chromatograms are for the 
following assay times: 1 minute(-), 35 minutes( .... ), and 270 minutes( .. -.. -). 

Reactions were followed by the production of o-nitrophenol (absorbance at 420 

run), but neither HPAE-PAD nor ES-MS was able to resolve this compound. 

Variations in cone voltage and ion mode with the ES-MS failed to enable 

detection of the standard o-nitrophenol. The production of xylose was also 

difficult to quantify, due to high background levels in the chromatogram of the 

ONP-xylose control when detected by HPAE-PAD. This may be due to 

degradation of the substrate in the alkaline conditions of the eluent buffers, as 

opposed to high contaminating levels of xylose in the substrate. This is supported 

by the ES-MS results, as when a similar sample was analysed only insignificant 

amounts of xylose were observed. 

When a 0°C aqueous assay sample was analysed by HPAE-PAD, xylobiose and 

xylotriose were detected as reaction products, as well as remaining substrate 

ONP-xylose. A significant peak due to xylose was also detected. When a similar 

sample was run on the ES-MS the following compounds were detected: ONP­

xylose, xylobiose, xylotriose, ONP-xylobiose, and ONP-xylotriose. The ES-MS 



Protein-Solvent Interactions 95 

and HP AE-P AD results for the aqueous xylanase assays are shown in Figures 3 .15 

and 3.16, respectively. The peaks in the HPAE-PAD chromatogram were 

identified by standards run under similar conditions. A number of standards were 

run to help identify the compounds detected by ES-MS, the results are shown in 

Table 3.3. For the products where a standard was unavailable, the calculated mlz 

values were used as identification based upon the expected behaviour of these 

molecules. The compounds identified in the ES-MS of the aqueous assay sample 

are shown in Table 3.4. 

Table 3.3. ES-MS results of standards run in positive ion mode. 

Compound MW m/z Ion 

Xylose 150 173.8 [XylNa+t 

323.6 [2Xyl·Na+r 

Methyl xylose 164.2 187.8 [MeXyl·Na +r 

351.3 l + + [2MeXy Na] 

ONP-xylose 271.2 294.4 [ONPXylNa +r 

565.2 [20NPXyl·Na +t 
Xylobiose 282 305.6 [Xyh·Na+r 

o.• 10.9 

14.9 

0.1 
18.6 

u 
0 .. 19.9 
-~ 0.4 
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Figure 3.15. HPAE-PAD chromatogram obtained for an aqueous xylanase assay, conducted 
at 0°C, with o-nitrophenyl-P-o-xylopyranoside as the substrate. The peaks identified in 
order of increasing retention time are: xylose, ONP-xylose, xylobiose, xylotriose, and 
xylotetraose. 
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Figure 3.16. Positive ion ES-MS spectrum of xylanase reaction products from an aqueous 
assay at 0°C. The molecular ions with a m/z value of 319.S and 451.S are contaminants from 
a previous sample. 

The fact that peaks corresponding to ONP-xylobiose and ONP-xylotriose were not 

seen in the HPAE-P AD chromatogram, could be due to the degradation of these 

compounds to xylobiose and xylotriose, respectively. When a time course of the 

reaction was performed, ONP-xylobiose was initially detected, with xylobiose and 

xylotriose becoming the main reaction products, as seen in Figure 3 .16. If higher 

xylooligosaccharides were produced, they would not have been detected due to 

the mlz range being examined. From the initial production of ONP-xylobiose and 

the absence of xylose as a product, it seems likely that xylanase is degrading the 

ONP-xylose substrate by a transglycosylation reaction as the first step. This 

would agree with the mechanism of degradation for aryl-xylosides found for other 

family 10 xylanases (Biely et al., 1997; Biely et al., 1980). 

From the results it is impossible to know the exact reaction pathway, but it is 

known that glycosyl transfer reactions occur to produce larger oligosaccharides 

than the starting substrate. The initial series of reactions are probably as shown 

below. 

ONP-Xyl + ONP-Xyl ~ NPh + ONP-Xyh 

ONP-Xyl + ONP-Xyh ~ NPh + ONP-Xyh 
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Where ONP-Xyl, NPh, ONP-Xyh and ONP-Xyb stand for o-nitrophenyl-P-n­

xyloside, o-nitrophenol, o-nitrophenyl-P-o-xylobiose and o-nitrophenyl-P-D­

xylotriose, respectively. The ONP-Xyh and ONP-Xyh formed, as well higher 

aryl-xylooligosaccharides not shown, could then be hydrolysed to give xylobiose 

and xylotriose, also detected in the assay reaction. It is also possible that the 

xylooligosaccharides formed, which are hydrolysable by the enzyme, could serve 

as glycosyl donors with further substrate molecules acting as the acceptors. These 

reactions are shown below. 

ONP-Xyh ~ NPh + Xyh 

ONP-Xyh ~ NPh + Xyh 

ONP-Xyl + Xyb ~ Xyh + ONP-Xyh 

Table 3.4. Xylanase aqueous assay products assigned from positive ion ES-MS. 

mlz Ion Compound 

294.4 [ONPXylNa+t ONP-xylose 

305.4 [XyhNa +r Xylobiose 

426.6 [ONPXyliNa+r ONP-xylobiose 

437.3 [XyhNa +r Xylotriose 

558.4 [ONPXyhNa+r ONP-Xylotriose 

565.2 [20NPXyl·Na +r ONP-Xylose 

When the same assay was run in the presence of methanol new products were 

detected, as mentioned above. It is known that glycosyl transfer to alcohols 

occurs, with the alcohol acting as the attacking nucleophile of the covalent 

enzyme-saccharide intermediate instead of water. In this case the end products 

would be methylated saccharides. When a standard ofmethyl-P-o-xylopyranoside 

(Me-Xyl) was run on the HPAE-PAD, the resulting peak on the chromatogram 

eluted at the same time as the earliest new product peak. The remaining 

unidentified products of the chromatogram were hypothesised to be methyl­

xylobiose and methyl-xylotriose. To confirm the identity of these products, as 

well as to detect other assay products, samples were analysed by ES-MS. The 

assigned compounds are shown in Table 3.5. As can be seen, molecular ions with 

the appropriate mlz values for methyl-xylobiose and methyl-xylotriose are 



Protein-Solvent Interactions 98 

identified, supporting the identification of these compounds as the new products 

in the presence of methanol. The following products were detected by ES-MS: 

ONP-xylose, ONP-xylobiose, ONP-xylotriose, methyl-xylose, methyl-xylobiose, 

methyl-xylotriose, xylobiose, and xylotriose. As with the aqueous assays, the first 

product to reach a detectable level was ONP-xylobiose, with a mlz value of 

approximately 426. The main product of the reaction was methyl-xylobiose. A 

series of ES-MS results are given in Figures 3 .17 to 3 .19, which show the 

production of various products with time, for an assay run at 0°C in 20% 

methanol. 

When the methanol content of the assay was varied the amount of methylated 

products formed, as detected by HPAE-PAD, was seen to increase qualitatively 

with the methanol concentration. Also the amount of methyl-xylotriose produced 

was seen to decrease with both assay time and methanol concentration. It may be 

that this product was further degraded, therefore never accumulating in the assay 

reaction. 

Due to the large number of products formed in the reaction, it is difficult to 

propose a detailed reaction pathway from these results. Some further trials were 

conducted to try and eliminate some reaction possibilities. When an aqueous 

enzyme assay was conducted at 0°C, in the presence of either methyl-xylose (4 

mg/ml) or methyl-xylose and xylose (both at 4 mg/ml), no reaction was seen to 

occur as analysed by HPAE-PAD. Also, the inclusion of 10% methanol with 

methyl-xylose ( 4 mg/ml) did not lead to any reaction. However, when an aqueous 

assay was conducted at 0°C on ONP-xylose with the inclusion of methyl-xylose (4 

mg/ml), the production of methyl-xylobiose was detected by HPAE-PAD, 

suggesting that methyl-xylose can be involved in further reactions, leading to 

incorporation into new products. 

From these results, it is likely that the enzyme reaction on ONP-xylose in the 

presence of methanol proceeds initially via the same glycosyl transfer reactions as 

for aqueous assays, with the later reactions involving either water or methanol as 

the attacking nucleophile. These reactions are summarized below. 

ONP-Xyl + ONP-Xyl ~ NPh + ONP-Xyh 

ONP-Xyl + ONP-Xyh ~ NPh + ONP-Xyh 
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ONP-Xyh + H20~ NPh + Xyh 

ONP-Xyb + MeOH~ NPh + Me-Xyb 

ONP-Xyh + MeOH ~ NPh + Me-Xyh 

ONP-Xyl + Xyh ~ Xyh + ONP-Xyb 

Me-Xyl + Xyh ~ Xyh + Me-Xyh 

99 

The low concentration of methyl-xylotriose may be due to further degradation of 

this product. It is not known from these results what is the preferred bond of 

cleavage for this substrate. The suggested reactions below assume that the scissile 

bond is the first glycosidic linkage from the reducing end of the substrate. 

Me-Xyh + H20 ~ Me-Xyl + Xyh 

Me-Xyh + MeOH ~ Me-Xyl + Me-Xyb 

The cleavage of methyl-xylotriose at the first glycosidic linkage would lead to the 

small production of xylose observed, as well as the dominance of methyl­

xylobiose as a final reaction product. The reactions shown above for the 

mechanism of xylanase action in the presence of methanol are just a subset of the 

potential degradation pathways, but do highlight the main reactions expected. 

Table 3.5. Xylanase assay products assigned from positive ion ES-MS, for assays conducted 
in the presence of the cosolvent methanol. 

mlz Ion Compound 

187.8 l + + [MeXy Na] Methyl-xylose 

294.4 [ONPXylNa +r ONP-xylose 

305.4 [Xylz"Na+r Xylobiose 

319.5 [MeXyh·Na +r Methyl-xylobiose 

426.6 [ONPXylz"Na+t ONP-xylobiose 

437.3 [XyhNa+r Xylotriose 

451.3 [MeXyh·Na +r Methyl-xylotriose 

558.4 [ONPXyhNa+t ONP-Xylotriose 

565.2 [20NPXyI·Na +r ONP-Xylose 
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Figure 3.17. Positive ion ES-MS of xylanase reaction products from an assay in 20% 
methanol, run for approximately 5 minutes. 

100 319.8 

294.5 

Figure 3.18. Positive ion ES-MS of xylanase reaction products from an assay in 20% 
methanol, run for approximately 20 minutes. 
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Figure 3.19. Positive ion ES-MS of xylanase reaction products from an assay in 20% 
methanol, run for approximately 45 minutes. 

A summary of the reaction pathways for xylanase activity on ONP-xylose in both 

aqueous and methanol/water solutions is shown in Figures 3 .20 and 3 .21. By 

comparing the proposed reaction pathways, it is easy to see why ONP-xylobiose is 

the first product to be detected for both assay conditions. The aqueous reaction 

pathway clearly illustrates the potential dominance of xylobiose and xylotriose as 

final reaction products. The potential dominance of methyl-xylobiose as a final 

product for assays conducted in the presence of methanol is also shown. 

ONP-Xyl 

NPh 

ONP-Xyl 

NPh 

ONP-Xyl 

NPh 

) C ONP-Xyl 

ONP-Xyli -+ NPh + Xyli 

)( Eoc. Xyl, 

( 
ONP-Xyl 

ONP-Xy)z 

Figure 3.20. Summary of proposed reaction pathway for activity of xylanase on o­
nitrophenyl-fJ-o-xylopyranoside in aqueous solution. 
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Figure 3.21. Summary of proposed reaction pathway for activity of xylanase on o­
nitrophenyl-P-D-xylopyranoside in the presence of the cosolvent methanol. 

From the above results, it is clear that new products are formed when xylanase 

assays are conducted in the presence of methanoL This is due to a change in the 

reaction pathway for the substrate o-nitrophenyl-P-o-xylopyranoside, with 

methanol probably acting as a competing nucleophile with water for the covalent 

xylosyl-enzyme intermediate. However, the catalytic mechanism of xylanase may 

not be changed, with the rate-determining step of the reaction being unaltered. 

For the xylanase from Bacillus circulans, it is found that the glycosylation step is 

rate limiting with all known synthetic substrates (Lawson et al., 1997). Therefore, 

as the methanol is not involved until the deglycosylation step, it is likely that the 

rate-determining step is unchanged. This is further supported by the fact that the 

energy of activation is the same for xylanase assays conducted in both methanol­

and DMSO-based cryosolvents (Dunn, 1998). DMSO is not able to accept 

transfer of a glycosyl residue, and therefore the products of a xylanase reaction in 

the presence of DMSO should be the same as those for an aqueous assay. When a 

xylanase assay was conducted in 60% (v/v) DMSO, the products were the same as 

those for an aqueous assay, as determined by HPAE-PAD (result not shown). The 

ES-MS spectrum of a xylanase assay run in 20% DMSO, at 0°C, is shown in 

Figure 3.22. The products detected were the same as those for an aqueous assay 

sample, and are ONP-xylose, xylobiose, xylotriose, and ONP-xylobiose. Only an 

insignificant amount of ONP-xylotriose was seen, as the assays was run for a long 

time and this product can be further degraded. It can be seen from the ES-MS 
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spectrum that xylobiose and xylotriose become the dominating reaction products. 

Therefore, the increase in rate seen upon addition of even relatively low 

concentrations of methanol to the xylanase assay may be due to a combination of 

factors. These include a potential change in reaction mechanism, a change in the 

rate-determining step, or possibly a change in the dynamic properties of the 

enzyme, leading to greater activity. 

100 

137., 
122.5 

168.7 

157.0 

113., 

305.5 

'37.2 

215.3 

383.3 

Figure 3.22. Positive ion ES-MS of xylanase reaction products from an assay in 20% DMSO, 
at 0°C, run for approximately one hour. 
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Chapter Four 

Cryoenzymology Trials 

4.1 Introduction 

A key part of this research included the cryoenzymology studies of various 

enzymes. The ability to assay enzymes over a wide temperature range, especially 

at low temperatures, is essential to enable useful comparisons between the activity 

data and the protein dynamic measurements. As mentioned previously, 

cryosolvents are used for collecting solution data at subzero temperatures. A 

number of very comprehensive reviews have been written on cryoenzymology 

and the use of cryosolvents, for example, by Douzou ( 1971, 1977, 1977, 1980), by 

Fink and Geeves (1979) and by Travers and Barman (1995). A detailed coverage 

of cryosolvent properties and the effect of cryosolvents on enzymes are given in 

Chapter Two and Chapter Three, respectively. 

There are several factors to be considered when choosing enzymes for the low 

temperature work. The enzyme must be stable in the various cryosolvents to 

enable enzyme activity to be accurately determined. The enzyme should also be 

soluble in the chosen cryosolvent, as an effective means of decreasing the assay 

time at extremely low temperatures is to increase the protein concentration. It is 

also preferable to choose an enzyme that has a relatively high turnover number. 

However, the most significant factor in determining whether an enzyme will be 

suitable for low temperature assays is the temperature dependence of the reaction. 

For example, an Arrhenius plot of hypothetical reactions, each with a different 

energy of activation, is shown in Figure 4.1. As can be seen, the reaction rate 

decreases more steeply with temperature as the energy of activation of the 

reaction increases. Due to the magnitude of this effect, it is more likely to be the 

limiting factor when attempting to measure enzyme activity to as low a 

temperature as possible. A more minor consideration was to find a suitable single 

subunit, low molecular weight enzyme. This was to enable the ease of potential 

computer simulation studies. 
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Figure 4.1. Arrhenius plot for hypothetical reactions with increasing energy of activation. 
From top to bottom the lines correspond to energy of activation values of: 20, 40, 60, 80, and 
100 kJ/mol. 

Initially, thermophilic proteins were chosen as potential enzymes for the 

cryoenzymology studies (More et al., 1995; Dunn, 1998). This was due to the fact 

that, as well as having enhanced thermal stability, thermophilic enzymes have 

been shown to have an increased stability against denaturation by other factors, 

including resistance to denaturation by organic solvents (Owusu and Cowan, 

1989; Guagliardi et al., 1989; Cowan, 1997). However, the thermophilic xylanase 

and glutamate dehydrogenase studied were found to have relatively high energies 

of activation in cryosolvents (Dunn, 1998). This meant that enzyme activity could 

only be determined down to -70°C due to practical limitations. 

Another reason for initially choosing to work with thermophilic enzymes is the 

decreased probability for cold denaturation. The temperature profiles of the free 

energy of stabilisation for thermophilic enzymes are different to those of 

mesophilic enzymes. From the available data it appears that the temperature 

profile is either shifted to higher temperatures or flattened, leading to a higher 

denaturation temperature (Jaenicke et al., 1996). Because of this flattening effect, 

thermophilic enzymes do not exhibit cold denaturation as a common feature 

(Jaenicke, 1991 ). Cold-induced unfolding is a highly reversible process that 

occurs for both single-subunit and multi-subunit enzymes, and appears to be a 

general feature of globular proteins (Privalov, 1990; Franks, 1995). Cold 

denaturation has thermodynamic characteristics opposite to those of heat 
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denaturation, with the process proceeding with heat release and a decrease in 

entropy. 

The purpose of this chapter was to trial various enzymes to determine whether 

they had the necessary characteristics, as detailed above, for extremely low 

temperature activity measurements. Low temperature cryoenzymology studies 

were then conducted with the most suitable enzymes, the results of which are 

presented in the following chapter. 

4.2 Methods and Materials 

4.2.1 Materials 

Alkaline phosphatase from calf intestine was obtained from Boehringer 

Mannheim as a suspension in 50% glycerol. The xylanase from the thermophilic 

bacterium Rt8B.4, genus Ca/dicel/u/osiruptor, was obtained from an Escherichia 

coli clone containing the plasmid pNZ2012, and stored in the Thermophile 

Culture Collection as TG 632 (Dwivedi et al., 1996). 

All solvents, such as methanol, DMSO and ethylene glycol, as well as all reagents 

were of analytical grade. The lowest grade of water used was reverse osmosis 

(RO) purified water. In most cases the water was obtained from a Milli-Q (MQ) 

Water Purification System (Millipore). 

4.2.2 General Cryoenzymology Techniques 

Some general techniques were applied to all assays carried out in cryosolvents at 

low temperatures. A variety of methods were used to incubate the assays at the 

appropriate temperature. For assays at 0°C, an equilibrated water-ice bath was 

used. For assays above -50°C, freezers kept at the required temperature were 

used, with the assays stored in insulated containers to minimize fluctuations in 

temperature when the door was opened. Assays at -50°C were incubated in a 

methanol bath cooled by a Flexi Cool Immersion Cooler (FTS Systems). At 

-70°C, assays were either stored in a deep freeze or placed in a cryostat. Assays 

below -70°C were mostly run in the cryostat, with only a few assays at -80°C to 

-90°C being stored in the cooled methanol bath. For assays down to -70°C, a 
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transportable methanol bath was used to transport the samples or to pre-cool 

assays before incubating in the freezer. Below this temperature a propanol bath 

was used, as it remains fluid to a lower temperature. The methanol and propanol 

were cooled by the addition of liquid nitrogen. All temperatures were checked 

with a thermocouple thermometer (Digi Sense, Cole Palmer). 

To prepare an enzyme solution in a cryosolvent, several steps were taken to 

ensure the stability of the enzyme. The enzyme was first dissolved in the aqueous 

component, and cooled on ice. The solvent component was cooled separately on 

ice, before gradual addition to the enzyme solution. The solution was constantly 

stirred to prevent a higher concentration of solvent from forming. The 

cryosolvent enzyme solutions were prepared immediately prior to use to minimise 

the exposure of the enzyme to the cryosolvent. 

The cryostat was constructed based upon a design by Douzou (1974). The 

cryostat relies simply on liquid nitrogen as a source of cold nitrogen gas, which is 

then heated to the required temperature before passing over the samples. A 

temperature probe placed near the samples controls the heating of the nitrogen 

gas. A separate heating device placed in the liquid nitrogen, was manually 

controlled to adjust the flow rate of nitrogen through the cryostat. Stable 

temperatures as low as -110°C could easily be obtained. In all cases, sample 

temperature was directly and independently monitored with a temperature probe. 

4.2.3 Xylanase Methods 

4.2.3.1 Partial purification of Rt8B.4 Xylanase 
A freeze dried culture of the E. coli clone TG 632 was reconstituted in Luria 

Broth (LB), and grown in LB medium containing 100 µg/ml ampicillin at 37°C, 

until the stationary phase was reached, as monitored by the optical density at 650 

nm. The cells were harvested by centrifugation with a JA 14 rotor for 20 minutes 

at 8,000 g. The cells were then washed and resuspended in 10 mM MOPS buffer, 

pH 7 .0, followed by sonication for 5 minutes. The majority of the E. coli proteins 

were then removed by heat treatment at 70°C for 1 Yi hours, followed by 

centrifugation at 9,000 g for 20 minutes. The supernatant was retained and kept 

frozen until required for use. 
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4.2.3.2 Dinitrosalicylic acid assay 
Initial xylanase assays were conducted by measuring the reducing sugars released 

from xylan, and quantified with dinitrosalicylic acid (DNSA), on a method based 

on that of Sumner (1921). A stock oatspelts xylan solution of 6% (w/v), was 

prepared by boiling the xylan in water for 10 minutes, cooling to room 

temperature, and then centrifuged for 5 minutes with a bench top centrifuge to 

remove insoluble particles (Beckman Microfuge E, 15,900 g). The reaction 

mixture typically contained 180 µl stock xylan solution and 20 µl enzyme 

solution. The reaction was stopped by the addition of 400 µl ice-cold DNSA 

reagent. The solution was then boiled for 6 minutes and cooled to room 

temperature, and the absorbance at 575 nm read. The xylose equivalents were 

determined from a xylose standard curve, obtained by identical treatment as the 

assays. One unit of enzyme activity is defined as the number of µmoles of xylose 

equivalents released per minute. 

The DNSA reagent is prepared by adding the following reagents: 6.8 g 

dinitrosalicylic acid (Sigma), 1.35 g phenol, 0.34 g sodium sulfite (anhydrous), 

6.8 g sodium hydroxide, and 136.5 g potassium sodium tartrate, to distilled water 

to a final volume of 500 ml. The solution is then filtered through a 0.2 µm 

membrane filter. 

4.2.3.3 Chromogenic Substrate Assay 

The activity of the Rt8B.4 xylanase on o-nitrophenyl-P-o-xylopyranoside was 

tested. The reaction mixture contained 10 mM o-nitrophenyl-!3-0-xylopyranoside 

and enzyme, to a final volume of 100 µI. The reaction was stopped by the 

addition of 500 µl 1 Mice-cold sodium carbonate and the absorbance at 420 nm, 

due to o-nitrophenol release, was read. Control tubes containing all reagents, 

except for the enzyme, were also run to account for natural degradation of the 

substrate. 
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4.2.4 Alkaline Phosphatase Methods 

4.2.4.1 p-Nitrophenyl-P-D-phosphate assay 

Alkaline phosphatase activity was assayed continuously by measuring the release 

of nitrophenol from p-nitrophenyl-P-o-phosphate, at 37°C. The reaction mixture 

contained I mM p-nitrophenyl-~-D-phosphate, diethanolamine HCl buffer, pH 

9.7, in a total volume of 600 µl. The reaction was started by the addition of 

enzyme, and the initial rate calculated from the increase of absorbance at 410nm 

due to p-nitrophenol release. 

Qualitative assays were conducted for the initial cryosolvent trials. The 

production of the yellow coloured product was detected visually, and the time 

required to detect product was recorded. 

4.2.4.2 4-Methylumbelliferyl-phosphate assay 

Alkaline phosphatase activity was determined by measuring the fluorescence due 

to release of 4-methylumbelliferone from 4-methylumbelliferyl-phosphate. The 

enzyme was assayed in the cryosolvent 70% methanol/I 0% ethylene glycol/20% 

water. The reaction mixture contained the appropriate volume of solvents, 

diethanolamine HCl buffer, pH 9.7, 0.5 mM 4-methylumbelliferyl-phosphate, and 

enzyme to give a final assay volume of 100 µl. When undiluted enzyme was used, 

the glycerol component was treated as part of the ethylene glycol fraction. For 

assays below 0°C, the assay components were pre-cooled to 10°C below the assay 

temperature, and the assay started by the addition of substrate dissolved in the 

cryosolvent, followed by warming to the assay temperature. 

The assays were stopped by the addition of 400 µl of 1 M NaOH in 80% 

methanol, which was cooled to below the assay temperature. After addition of the 

stopping reagent, the assays were held at the assay temperature for at least half an 

hour to ensure complete cessation of activity, before being warmed to room 

temperature. For the determination of 4-methylumbelliferone, 100 µl of the 

stopped assay was added to 2 ml of water, and the fluorescence measured in a 

quartz cuvette with an excitation wavelength of 360 run, an emission wavelength 

of 440 nm, and a slit width of 10 nm for each wavelength. The fluorescence was 

read using the Perkin Elmer Luminescence Spectrometer LS 508. For assays with 



Cryoenzymology Trials 110 

substantial activity, only IO µl of the stopped assay was taken, with the difference 

in volume made up with MQ water. 

At each temperature, three assays were run, each stopped at a different time 

interval. A control tube with no enzyme was also included to account for the 

background fluorescence of the reagents. 

4.3 Results and Discussion 

4.3.1 Cryoenzymology Trials with Rt8B.4 Xylanase 

This enzyme was chosen for study due to its reportedly low energy of activation 

(Daniel, personal communication). The partially purified enzyme was used in all 

the trials. 

4.3.1.1 Selection of cryosolvent 
Trials were conducted to find the cryosolvent in which the enzyme was stable and 

the most active. Three cryosolvents were tested initially, these were: 70% 

methanol/30% water, 6S% methanol/l S% ethylene glycol/20% water, and 60% 

DMS0/20% ethylene glycol/20% water. The stability of xylanase in each of these 

cryosolvents was tested at 0°C. Aliquots were removed at the appropriate times, 

and assayed for remaining activity at 60°C in aqueous solution against oatspelts 

xylan. After 24 hours the remaining activity of xylanase in 70% methanol/30% 

water and 6S% methanol/l S% ethylene glycol/20% water had not dropped 

significantly. However, in 60% DMS0/20% ethylene glycol/20% water, the 

xylanase had lost half its activity in approximately one hour. From this it was 

decided to continue the trials with the methanol based cryosolvents. 

4.3.1.2 Selection of assay method 
As the enzyme is active against oatspelts xylan in aqueous solution, it was chosen 

as the first substrate to be tested. The partially purified enzyme had an activity of 

170 units/ml against oatspelts xylan at 60°C. The effect of organic solvents on the 

response of the DNSA assay was checked to ensure it was a reliable method for 

xylanase assays in cryosolvents. As can be seen from the standard curve (Figure 

4.2), the addition of organic solvents to the standards does not have a significant 
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effect on the response of the assay. The effect of increasing methanol 

concentration on xylanase activity on oatspelts xylan was determined. At I 0% 

methanol, only I 0% activity is obtained as compared to aqueous assays (results 

not shown). This may be due to a problem with xylan solubility with increasing 

methanol, as a significant precipitate is seen at 50% methanol. It is unlikely that 

methanol is interfering in the colour development, as xylose standards give a 

comparable absorbance reading in the presence of methanol. Due to the 

significant reduction in activity on xylan at even I 0% methanol, a different 

substrate was needed. 
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Figure 4.2. Standard curve for xylose by DNSA assay method. Standards prepared in water 
(O); 25% methanol (A); 25% ethylene glycol (o). 

An alternative was the use of the chromogenic substrate o-nitrophenyl-j3-D­

xylopyranoside. Aqueous assays run at 60°C showed that the enzyme was active 

against this substrate. The partially purified enzyme had an activity of 1.3 

units/ml at 60°C, which is significantly reduced from the activity seen on oatspelts 

xylan. The temperature dependence of xylanase activity on o-nitrophenyl-13-D­

xylopyranoside was then determined in aqueous and 70% methanol conditions. 

The energy of activation was calculated to be 47 kJmol"1 from an Arrhenius plot 

of the data, as shown in Figure 4.3. This is significantly higher than the energy of 

activation for activity on oatspelts xylan, which was determined to be 34 kJmol"1• 
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This means that the activity on o-nitrophenyl-~-D-xylopyranoside would be 

expected to drop at least five orders of magnitude from 0°C to -100°C. With the 

partially purified enzyme, this would require an assay time of approximately 700 

days to be able to detect activity. Even if the enzyme was further purified and 

concentrated, it is likely the assay time would remain impractical. Due to the 

combination of reduced specific activity and increased energy of activation with 

o-nitrophenyl-13-o-xylopyranoside, it is an unsuitable substrate for the 

cryoenzymology work. As these quick trials did not determine a suitable 

cyroenzymology substrate for the xylanase, it was decided not to continue work 

with this enzyme. A suitable substrate for cryoenzymology studies with this 

enzyme may be found after further trials. 
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Figure 4.3. Arhenius plot showing effect of temperature on activity (expressed as the 
percentage residual activity corresponding to activity in aqueous solution at 60°C) for 
xylanase in 100% water (0) and 70% methanol (o). 

4.3.2 Cryoenzymology Trials with Alkaline Phosphatase 

4.3.2.1 Selection of cryosolvent 

An initial test group of cryosolvents was chosen based upon their ability to remain 

homogeneous to low temperatures, and with a consideration of the viscosity. 

From these, the cryosolvent in which alkaline phosphatase had the greatest 

activity was selected. The initial cryosolvents chosen were 70% methanol/I 0% 
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ethylene glycol, 60% DMSO, 70% DMF/10% ethylene glycol, 70% 

methoxyethanol/10% ethylene glycol, 35% methoxyethanol/35% acetone/IO% 

ethylene glycol and 50% acetone/25% ethylene glycol, with the remaining volume 

made up with water. The assays were performed at 0°C with p-nitrophenyl-P-D­

phosphate ( I mM) as the substrate, and the activity measured qualitatively with 

the visual detection of yellow coloured product. The two best cryosolvents with 

respect to alkaline phosphatase activity were 70% methanol/I 0% ethylene glycol 

and 50% acetone/25% ethylene glycol, which both gave a tenth of the activity of 

the aqueous assays (results not shown). A quick trial of the effect of substrate 

concentration on alkaline phosphatase activity was performed in the two best 

cryosolvents. A concentration range from 0.5 mM to 5.0 mM gave no apparent 

change in rate, suggesting that the concentration used in the assay was not rate 

limiting. Qualitative assays were then run at -30°C and -70°C to see how 

temperature affected the activity, and if there were any differences between the 

solvents. The time to visually detect the production of product in the 50% 

acetone/25% ethylene glycol cryosolvent was longer than that for the 70% 

methanol/I 0% ethylene glycol cryosolvent. From this result it was decided to 

continue the low temperature studies in 70% methanol/I 0% ethylene glycol, as 

the assays could be run with a shorter incubation time. 

4.3.2.2 Selection of assay method for low temperature assays 
Trials were conducted to find the most sensitive method for the determination of 

activity at low temperatures in cryosolvent. The first method that was 

investigated involved the use of the chromogenic substrate p-nitrophenyl-P-D­

phosphate, with the absorbance at 420 nm being measured. This method is very 

simple, and was used in the initial cryosolvent trials. Experiments with the 

fluorescent substrate 4-methylumbelliferyl-phosphate were then conducted to see 

if an increase in assay sensitivity could be obtained. 

As it was impossible to measure enzyme activity continuously at low 

temperatures, an appropriate stopping reagent was required. Alkaline stopping 

reagents were tested, as both potential assay methods give a greater sensitivity if 

the final solution is alkaline. The fluorescence of the product 4-

methylumbelliferone is greatest around pH IO (Goodwin and Kavanagh, 1950). 
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Two stopping reagents were tested, 3:5:2 (v/v) ethanolamine:DMSO:water and I 

M NaOH in 80% methanol The ability of 3:5:2 (v/v) ethanolamine:DMSO:water 

to stop activity was effective down to temperatures as low as -70°C. Below this 

temperature the stopping reagent became too viscous to allow thorough mixing 

with the assay reagents, which caused an erroneously high activity reading as the 

assays were warmed. As well as this, a control in which the stopping reagent was 

added to the assay before the enzyme showed significant activity at high enzyme 

concentrations. When similar controls were conducted with I M NaOH in 80% 

methanol, no activity was detected, and the solution was less viscous at low 

temperatures. Because of this, it was decided to continue the low temperature 

assays with this reagent. 

The sensitivity of the fluorescent detection of 4-methylumbelliferone in the 

presence of stopping reagent was determined. The standards were prepared by 

adding 400 µl of I M NaOH in 80% methanol to I 00 µl of 4-methylumbelliferone 

( dissolved in methanol). A I 00 µl aliquot of the resulting solution was then added 

to 2 ml MQ water, and the fluorescence measured. The resulting standard curve is 

shown in Figure 4.4. The slight difference in composition between the standards 

and the assay samples should not cause significant changes in the response, and 

any changes in background fluorescence should be accounted for by the reagent 

control. 
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Figure 4.4 Standard curve for 4-methylumbelliferone detection. The fluorescence of the 
standards was measured with an excitation wavelength of 360 nm and an emission 
wavelength of 440 nm. 
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From the standard curve it can be seen that as little as 1 µM 4-

methylumbelliferone can be detected in a 100 µl assay, which corresponds to 100 

picomoles. In comparison, the sensitivity of the p-nitrophenyl-phosphate assay is 

approximately 700 picomoles, assuming an absorbance of 0.02 in a final volume 

of 600 µl, with an extinction coefficient for the product of 18,000 lmor1cm·• 

(John, 1992). The fluorescent method is almost an order of magnitude more 

sensitive than the detection of p-nitrophenol. When equivalent enzyme assays 

were run for each of the assay methods, the fluorescent method was able to detect 

activity with ten-fold less enzyme than the p-nitrophenol assay (results not 

shown), enabling substantial reduction in assay time. 

As a sensitive assay method was determined that allowed the detection of low 

levels of enzyme activity, this enzyme was suitable for low temperature enzyme 

assays. The results of the cryoenzymology studies are given in the following 

chapter. 
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Chapter Five 

Effect of Temperature on Proteins 

This chapter consist~ of the published paper on the low temperature enzyme 

activity determinations. My contribution to this work involved the low 

temperature cryoenzymology experiments with the enzyme alkaline phosphatase, 

as well as assistance in the construction of the cryostat. 
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Summary 

The activities of two enzymes, beef liver catalase [E.C. 1.11.1.6] and calf intestine 

alkaline phosphatase [E.C. 3.1.3.1], have been measured down to -97°C and 

-100°C, respectively. Enzyme activity has not previously been measured at such 

low temperatures. For catalase, the cryosolvents used were methanol:ethylene 

glycol:water (70: 10:20) and DMSO:ethylene glycol:water (60:20:20). For 

alkaline phosphatase, methanol:ethylene glycol:water (70: 10:20) was used. All of 

the Arrhenius plots were linear over the whole of the temperature range examined. 

Since the lowest temperatures at which activity was measured are well below the 

dynamic transition observed for proteins the results indicate that the motions 

which cease below the dynamic transition are not essential for enzyme activity. In 

all cases the use of cryosolvent led to substantial increases in Arrhenius activation 

energies, and this imposed practical limitations on the measurement of enzyme 

activity below -100°C. At even lower temperatures enzyme activity may be 

limited by the effect of solvent fluidity on substrate/product diffusion, but overall 

there is no evidence that any intrinsic enzyme property imposes a lower 

temperature limit for enzyme activity. 
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Introduction 

Low temperature studies of enzymes can provide useful information in a number 

of areas [1-3]. They allow correlation of enzyme activity with biophysical studies 

of protein dynamics, the determination of the effect of organic solvents on enzyme 

reactions without risk of denaturation, and, since enzyme activity is a prerequisite 

for life, could conceivably set a lower temperature limit for life. 

A variety of biophysical studies have shown a temperature-dependent transition 

in the dynamic behaviour of hydrated proteins, involving cessation of anharmonic 

motion below the transition temperature, which is in the range -40°C to -75°C. 

Much of this work has been done on myoglobin using Mossbauer spectroscopy 

[4-6], neutron scattering [7,8], or X-ray crystallography [9] of hydrated crystals, 

powders, or frozen solutions. Similar results have been found in X-ray 

crystallographic studies of ribonuclease A [ 1 O] and in Mossbauer [ 11] and neutron 

scattering [12] studies of membrane proteins. Because of the dependence of 

protein function on dynamics it is expected that function will cease below this 

dynamic transition [ 13] Some protein functions have been observed to cease with 

the loss of equilibrium anharmonic dynamics as the protein is cooled through the 

dynamic transition. Among these are electron tunnelling in Rhodospirullum 

rubrum chromatophores [11], some elements of the photocycle of 

bacteriorhodopsin in hydrated membranes of Halobacterium salinarum [12], and 

ligand binding in ribonuclease A crystals [14]. However, enzyme activity, one of 

the most important protein functions, has rarely been measured below -55°C, and 

the only report of activity below -80°C is for glutamate dehydrogenase [15]. Since 

most dynamic transitions observed to date occur in the temperature range -45°C to 

-75°C, there is relatively little evidence so far on any general effect the dynamic 

transition in proteins may have on enzyme catalytic activity. The dynamic 

transition observed for glutamate dehydrogenase in solution [ at -45°C over 

picosecond timescales] did not correlate with any loss of enzyme activity, which 

was measured down to -85°C [16, 17]. The situation is somewhat complicated by 

recent evidence suggesting that the temperature at which the dynamic transition is 

observed may be timescale dependant: it has been found that for the same enzyme 

cryosolutions the dynamic transition is observed at progressively lower 
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temperatures as neutron spectrometers with progressively longer timescale 

resolutions are used [16]. 

We report here measurements of enzyme activity down to -100°C. This is the 

lowest temperature at which enzyme activity has been measured. The work has 

been facilitated by the use of a cryosolvent, which is fluid and free of phase 

changes, to well below -100°C [ 18]. The enzymes studied are catalase to -97°C, 

and alkaline phosphatase to -100°C. 

Methods and materials 

The properties of the methanol/ethylene glycol cryosolvent are described by Reat 

et al. [18], and those of the DMSO/ethylene glycol cryosolvent are described by 

Douzou et al. [ 19]. 

Catalase was obtained from Boehringer Mannheim as an aqueous suspension from 

beef liver. A 'killed' control, included in all experiments, was prepared by pre­

mixing enzyme and methanol at 20°C and leaving overnight. No detectable 

activity remained after this time. 

The hydrogen peroxide substrate was diluted in cryosolvent (pre-cooled to -70°C), 

and included in all assays and controls at a final concentration of 750 mM. 

Incubations were performed in small volumes ( 100 ul - 120 ul) in closed, round­

bottomed tubes for efficient heat transfer and to allow mixing. Direct temperature 

measurements were made using duplicate tubes. Substrate and enzyme were pre­

cooled to 10 degrees colder than the incubation temperature, then rapidly mixed 

and transferred to the incubation temperature, and timing started. 

Phosphate buffer was added to a final concentration of IO mM in all assays from a 

500 mM stock pH adjusted at room temperature. 

The reactions were stopped by the addition of sodium azide to a final 

concentration of 30 mM. The sodium azide was dissolved in cryosolvent and pre­

cooled. After the addition of azide the reactions were left at the incubation 

temperature for 20 minutes to ensure that inhibition had taken place. An equal 

volume of 2 M HCI (in cryosolvent, and cooled to the incubation temperature) 
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was added just before the tubes were warmed to room temperature. The stopped 

reactions were diluted with water and the remaining hydrogen peroxide 

determined from the absorbance at 240nm by comparison with standard hydrogen 

peroxide. When DMSO was used as a cryosolvent, the remaining hydrogen 

peroxide was measured by the o-danisidine method [20]. 

Each enzyme assay was run over several time periods. 

Alkaline phosphatase from calf intestine was obtained from Boehringer 

Mannheim as a suspension in 50% glycerol. It was assayed in methanol:ethylene 

glycol:water (70:10:20) by measuring the fluorescence due to 4-

methylumbelliferone release from 4-methylumbelliferyl-phosphate (0.5 mM). 

Diethanolamine HCI buffer, pH20 9.7, was added to give a final assay volume of 

I 00 ul. When undiluted enzyme was used, the glycerol component was treated as 

part of the ethylene glycol fraction. The assay components were pre-cooled to I 0 

degrees below the assay temperature, and the reaction started by the rapid addition 

of substrate dissolved in the cryosolvent, and warming to the assay temperature. 

The assays were stopped by the addition of 400 ul of I M NaOH in 80 % (v/v) 

methanol, which was pre-cooled to below the assay temperature. Once stopped, 

the assays were held at the assay temperature for at least half an hour to ensure 

complete cessation of activity, before being gradually warmed to room 

temperature. For determination of 4-methylumbelliferone 100 ul of the stopped 

assay was added to 2ml of water, and fluorescence measured with an excitation 

wavelength of 360nm, and an emission wavelength of 440nm. 

At each temperature three assays were run, each stopped after a different time 

interval. A control tube with no enzyme was also included to account for any 

background fluorescence of the reagents. 

Above -70°C a variety of cooling baths and insulated boxes in deep freezes were 

used for the temperature control of enzyme assays. Below -70°C a simplified 

version of the cryostat described by Douzou [ 1] was used to maintain enzyme 

reaction temperatures. For all assays, direct temperature measurements using a 

thermocouple were made in duplicate assay tubes. 
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Results 

For all enzyme assays a number of control experiments (See Methods and 

Materials) were carried out to ensure that the activity measured was enzymic, and 

that any change in activity with temperature was not due to denaturation, substrate 

limitation, or to pH effects. The full activity of the enzymes could be recovered 

after incubation in the cryosolvents at the temperatures used. Neither of the 

enzymes studied showed any evidence for cold denaturation [21]. This is perhaps 

surprising given the very low temperatures and that the cryosolvents might be 

expected to have a tendency to denature the enzymes, but the results are consistent 

with those found for a variety of other enzymes studied well below 0°C [ eg 2, 3, 

15, 22-24]. 

Catalase 

In buffer at +20°C and +2°C catalase showed optimum activity around pH206.5, 

but with little change in activity over the pH20 range 5.5 to 7.5. There was a fall in 

activity below pH2o 5.0 and above 9.0. For assays at -50°C, -60°C and -70°C in 

methanol:ethylene glycol:water (70:10:20), the rate of activity was the same at 

each temperature whether the phosphate buffer (included at 10 mM in the assay) 

was at pH 6.0, 7.0, 8.0 or 9.0 at room temperature. The activity fell by 50% if 

buffer adjusted to pH20 5.0 was used. 

Arrhenius plots for catalase were derived using methanol:ethylene glycol:water 

(70:10:20) and DMSO:ethylene glycol:water (60:20:20) as cryosolvents (Fig. 5.1). 

Above -40°C methanol interfered with the assay for peroxide. Activity was 

measured from +40°C to -70°C in DMSO/ethylene glycol, and from -40°C to 

-97°C in methanol/ethylene glycol. There was no evidence of deviation from 

linearity in the Arrhenius plots (Fig. 5.1 ). The Arrhenius activation energy (Ea) 

for catalase was 15 kJ/mol in buffer ( data not shown), 48 kJ/mol in 

DMSO/ethylene glycol and 60 kJ/mol in methanol/ethylene glycol. This 

considerable increase in the Arrhenius activation energy in the presence of 

cryosolvent, together with lower reaction rates, made it impractical to measure the 

activity below -100°C, despite the very high turnover number for this reaction at 
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room temperature (Table 5.1). The variation in the Arrhenius activation energies 

in different solvents is not uncommon and may be due to effects of solvent on the 

enzyme structure, or on the reaction catalysed [eg 23, 24] 

Table 5.1. Turnover numbers of catalase in cryosolvents. 

Solvent Temperature (°C) Turnover number (s-1) 

IO mM phosphate buffer, pH20 6.5 +20 1.9 X 105 

+2 7 X )04 

60% DMS0/20% ethylene glycol +20 1916 

+2 447 

-50 IO 

70% methanol/IO% ethylene glycol -50 2.5 

-90 0.038 

-97 0.0032 

Alkaline Phosphatase 

Using methanol:ethylene glycol:water (70:10:20) as the cryosolvent, the activity 

of alkaline phosphatase was measured down to -100°C (Fig. 5.1 ). Due to the slow 

enzymatic rates at low temperatures these points show some scatter, but there is 

no evidence for any significant deviation from linearity of the Arrhenius plot and 

a line of best fit gives an Arrhenius activation energy of 55 kJmor1• This is 

somewhat higher than the Arrhenius activation energy of 41 kJmor1, obtained for 

alkaline phosphatase in aqueous solution [25]. 
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Figure 5.1. Arrhenius plots of catalase and alkaline phosphatase. (A) Effect of temperature 
on the activity of catalase in DMSO/ethylene glycol/water (60/20/20) (o), and 
methanol/ethylene glycol/water (70/10/20) (D). (B) Effect of temperature on the activity of 
alkaline phosphatase in methanol/ethylene glycol/water (70/10/20) (D). 
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Discussion 

There are a variety of factors that can affect enzyme activity at very low 

temperature [1-3, 15]. Most will lower activity, although for discontinuous assays 

failure to stop a reaction before warming to room temperature for determination of 

substrate or product levels will lead to erroneously high rates. The various control 

experiments in this study, a~d the practice of carrying out assays over several time 

intervals, indicate that the changes in activity were due to the effect of 

temperature on the rate limiting step of the enzyme reaction, and not to factors 

such as cryosolvent-induced pH changes, buffer temperature coefficients, Km 

changes, substrate insolubility, non-enzymic catalysis, or ineffectively stopped 

reactions. This conclusion tends to be supported by the absence of deviations in 

the Arrhenius plots. 

The finding that these two different enzymes display linear Arrhenius plots down 

to below -95°C, well below the temperature at which dynamic transitions have 

been commonly observed in proteins [ 4-13], supports the conclusion [ 16, 17] that 

such transitions have no effect on the catalytic activity of soluble, multisubunit 

enzymes. Results from a similar study carried out on xylanase suggest that single 

subunit enzymes are also unaffected by the observed dynamic transition, although 

activity measurements were only made down to -70°C [22]. 

The main practical difficulties in measuring enzyme activities at even lower 

temperatures are likely to be the mixing of high viscosity cryosolvents, and in 

maintaining incubations below -100°C for the long assay periods necessary 

because of the low activity of most enzymes in cryosolvents at these temperatures. 

There is no evidence for any intrinsic lower temperature limit for enzyme activity. 

We do not know whether there is a lower temperature limit for enzyme activity 

above absolute zero. It seems reasonable to expect that an extrinsic limiting factor 

will be the necessity for a fluid medium to allow substrate and product movement. 

We do not observe enzyme activity in frozen mixtures at -40°C, even at enzyme 

concentrations and incubation periods sufficient to detect less than 5% of the 

expected activity (Dunn and Daniel, unpublished observations). At very low 

temperature enzyme and substrate solubility, and the decreased rates of activity at 

the solvent/water ratios necessary to maintain the fluidity of any cryosolvent, may 
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conceivably become limiting, although some enzymes exhibit activity in 

anhydrous solvents [26]. Currently there is no evidence that low temperatures will 

affect the enzyme-associated water molecules in such a way as to prevent activity. 

We believe the work has implications for life at low temperatures. The use of 

cryosolvents has the combined effect of reducing enzyme activity and increasing 

the Arrhenius activation energy. The result has been enzyme activities at -90°C, 

which are between 5 and 7 orders of magnitude lower than at 20°C. Thus the 

turnover rate for catalase of more than 105 sec·1 at 20°C falls to 10 sec·1 in 

DMSO/ethylene glycol at -50°C and to 2.3 min"1 in methanol/ethylene glycol at 

-90°C (Table 5.1). But in a fluid medium that did not increase the Arrhenius 

activation energy or slow the reaction, the rate of reaction for catalase would fall 

less than 200-fold from +20°C to -100°C. However for alkaline phosphatase (and 

most other enzymes) the Arrhenius activation energy is higher than for catalase, 

so that at 40 kJ/mol the rate of reaction will decease from that at room temperature 

by more than 104-fold at -90°C. Nevertheless, in the presence of a suitable fluid, 

there seems no obvious reason to regard cessation of enzyme activity as a factor 

limiting the emergence or survival oflife at very low temperatures. 
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Chapter Six 

Protein Dynamics 

6.1 Introduction 

A key part of this work was to investigate the relationship between protein 

dynamics and catalytic activity. Therefore, to complement the cryoenzymology 

research, protein dynamic studies over a comparable temperature range were also 

undertaken. The protein dynamics were determined by neutron scattering 

experiments, carried out at the Institut Laue-Langevin (ILL) in Grenoble, France. 

The dynamic studies focused on two areas of research. The first was the 

investigation of the timescale dependence of a dynamic transition, previously 

observed with glutamate dehydrogenase solutions (Daniel et al., 1998; Daniel et 

al., 1999). The second area of research was the presence of dynamic transitions in 

a xylanase-cryosolvent solution (Dunn et al., 2000). The cryosolvent chosen was 

the same as that used for the low temperature xylanase activity determinations, 

which ensured that the activity and dynamic data were obtained from similar 

enzyme preparations. 

The purpose of this chapter is to provide an overall summary of the main results 

from the dynamic studies detailed above. A complete discussion of this work in 

relation to the data presented in other parts of the thesis is given in Chapter Seven. 

The published papers are contained in the Appendix, and provide details not 

covered here (Daniel et al., 1999; Dunn et al., 2000). 

6.2 Methods and Materials 

Full details of the experimental methods can be found in the attached papers in the 

Appendix. 
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6.2.1 Materials 

The glutamate dehydrogenase is from Thermococcus zilligii strain ANl, and was 

purified, assayed, and prepared for neutron scattering as described elsewhere 

(Hudson et al., 1993; More et al., 1996; Daniel et al., 1998). The xylanase was 

obtained from an Escherichia coli clone, containing the gene from the 

thermophilic bacterium, Thermotoga maritima strain FjSS3-B.1 (Saul et al., 1995; 

Bergquist et al., 2000). Both enzymes were assayed after each neutron scattering 

experiment to ensure that no denaturation had taken place. 

6.2.2 Neutron Scattering 

The dynamic neutron scattering experiments were performed on the IN6 time-of­

flight spectrometer and the IN16 backscattering spectrometer at the Institut Laue­

Langevin, Grenoble. The incident neutron wavelengths were 5.12A and 6.28A, 

on IN6 and IN 16, respectively. All data were collected with the sample holder 

oriented at 135° relative to the incident beam. Raw data on the two instruments 

were corrected in an identical manner. The elastic intensity was determined by 

integrating the detector counts over the energy range of the instrumental 

resolution. The detectors were calibrated by normalizing with respect to a 

standard vanadium sample. The cell scattering was subtracted, taking into 

account the attenuation of the singly scattered beam. Finally, the scattering was 

normalized with respect to the scattering at the lowest measured temperature, and 

to the lowest wavevector, q. 

For glutamate dehydrogenase two samples were run, one on IN6 with 100 mg/ml 

enzyme in 70% (v/v) CD30D/D20, and the other on IN16 with 56 mg/ml enzyme 

in 70% (v/v) CD30D/D20. The samples were contained in aluminium flat-plate 

cells with a path length of 0.3 mm for IN6 and 0.5 mm for IN16. The measured 

sample transmissions were 0.92 and 0.85 for the IN6 and INI6 sample, 

respectively. For xylanase, the sample was run on IN6 and consisted of 68 mg/ml 

enzyme in 70% (v/v) CD30D/D20. The sample was contained in an aluminium 

flat-plate cell with a path length of 0.7mm, and had a measured transmission of 

0.891. 
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The energy resolution of IN6 is 50 µe V, whereas that of IN 16 is 1 µe V. This 

allows the determination of the average dynamical mean-square displacements of 

the enzyme protons over timescales of up to approximately 100 ps for IN6, and 5 

ns for IN16. 

6.3 Results and Discussion 

6.3.1 Xylanase Dynamics 

The measured scattering contains a contribution from the protein hydrogen atoms, 

and also a contribution from self-coherent scattering from the solvent. The 

incoherent scattering from hydrogen atoms, due to self-correlations in their 

dynamics, is a significant component of the neutron scattering from proteins. As 

the hydrogen atoms are uniformly distributed over the protein molecule, the 

technique gives a global view of protein dynamics (Smith, 1991 ). The scattering 

data obtained is presented as the average mean square displacement, (u2), as a 

function of temperature (refer to attached paper in Appendix D and Figure 5.1 ). 
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Figure 6.1. Effect of temperature on the dynamics of xylanase in 70% (v/v) CD30D/30% 
D20, as measured by neutron scattering. 

For temperatures :'.:S -70°C, (u2) was found to remain at zero within experimental 

error. Any small increase over this temperature range due to harmonic vibrations 

is likely to remain below the experimental error. At approximately -50°C, a 
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dynamic transition was observed, at which the (u2) begins to rise rapidly. This 

indicates the activation of anharmonic dynamics on a picosecond timescale. 

The effect of temperature on the activity of xylanase in both hydrogenated and 

fully deuterated cryosolvent, of identical composition to that of the dynamic 

studies, was determined over the temperature range of I 0°C to - 70°C (Dunn, 

1998; Dunn et al., 2000). From the similarity of the data, it does not appear that 

the catalytic activity is affected by the use of deuterated solvents. The Arrhenius 

plots of the activity data were found to be essentially linear over the temperature 

range investigated. This indicates that the rate-limiting step remains the same, 

and suggests that the catalytic mechanism is unchanged, as the temperature is 

lowered. The effect of solvents on the catalytic mechanism was also investigated, 

as detailed in Chapter Three. Although not a comprehensive analysis, it indicated 

that the catalytic mechanism was the same, despite the appearance of new reaction 

products when the xylanase assays were conducted in the presence of methanol. 

6.3.2 Time-Scale Dependence of the Dynamic Transition 

From initial work on the parallel study of activity and dynamics of glutamate 

dehydrogenase, it was found that activity showed no deviation in Arrhenius 

behaviour through the dynamical transition (Daniel et al., 1998). These results 

indicated that there was a range of temperatures (approximately 190 to 220 K) at 

which glutamate dehydrogenase activity does not require anharmonic motions 

taking place on the picosecond timescale. To further address the dependence of 

activity on motions of a particular time scale, the temperature dependence of 

glutamate dehydrogenase activity was compared to the dynamics of the enzyme 

solution on two different timescales. The experiments were performed on 

glutamate dehydrogenase dissolved in 70% (v/v) CD30D/D20, in which the 

enzyme is known to be stable and active. 

From the elastic incoherent scattering intensities obtained on IN6 and IN16, the 

(u2) was determined and plotted as a function of temperature (refer to the attached 

paper in Appendix C and Figure 5.2). There was found to be a clear timescale 

dependence of the dynamic transitions observed in the protein sample. The onset 

of anharmonic motion occurs at approximately 140 K for motions faster than 5 ns 
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(IN 16) and at approximately 220 K for motions faster than 100 ps (IN6). There 

were also additional inflexions in the IN 16 data at approximately 185 K, 210 K, 

and 280 K. If the inflexions in the (u2) are defined as "dynamical transitions", 

then the IN 16 data shows the presence of four dynamical transitions in the sample. 

The three highest-temperature transitions do not correspond to transitions from 

harmonic to anharmonic behaviour, but rather to modification of the anharmonic 

behaviour itself. 
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Figure 6.2. Effect of temperature on the enzyme activity (inset, B), and the dynamics as 
measured by neutron scattering, of glutamate dehydrogenase in 70% (v/v) CD30D/30% 
D20. 

To investigate whether any of the various transitions are coupled with changes in 

solvent behaviour, a number of supplementary experiments were performed. 

These included DSC and X-ray diffraction studies of both the pure cryosolvents 

and the enzyme-cryosolvent solutions. It is suggested that the DSC phase 

transition observed at 1 70 K and the discontinuity observed at 185 K in the IN 16 

(u2) temperature profile are associated with the melting of one component of the 

cryosolvent. However, no features are found in either the X-ray or DSC results 

that accompany either of the dynamic transitions observed at 140 K or at 210 K 

(Daniel et al., 1999). It was therefore concluded that the transitions occurring at 
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these two temperatures are not correlated with detectable structural or 

thermodynamic changes in the cryosolvent. 

To verify the dynamic nature of the transitions, further experiments were 

conducted to detect associated changes in the quasielastic scattering on IN16. 

Quasielastic scattering, which is visible as a broadening under the elastic peak, 

arises from the presence of nonvibrational motion in the sample (Bee, 1988). The 

presence of qualitative changes in the quasielastic scattering confirmed the 

dynamic origin of the transitions observed in the IN16 (u2) data. 

Further discussion of these results can be found in the following chapter. 
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Chapter Seven 

Final Discussion 

The aim of this research was to investigate the relationship between enzyme 

catalytic activity and protein flexibility. The effect of temperature on both global 

protein dynamics and catalytic activity was determined, by utilising 

cryoenzymology and neutron scattering techniques, respectively. The direct 

comparison of these results, conducted on similar enzyme preparations, was used 

as a probe of the relationship between these two properties. 

To enable solution studies at subzero temperatures, it was necessary to use 

cryosolvents with a miscible organic solvent component. This leads to the 

complication that the organic solvent may perturb the enzyme, affecting both 

enzyme dynamics and activity. To enable the distinction between protein-solvent 

interactions and the inherent properties of the enzyme, the temperature effects on 

solvent properties were also characterised by DSC, neutron scattering, and X-ray 

scattering techniques. Initial trials with the DMT A technique were also 

conducted, as it is relatively easy to detect glass transitions of the cryosolvents 

with this method. Cryosolvents that remain fluid and homogeneous over the 

required temperature range were preferred. 

A number of studies have shown that the environment surrounding a protein may 

play a role in its observed dynamics (lben et al., 1989; Vitkup et al., 2000; Fitter 

et al., 1999). The effect of varying solution composition on the picosecond 

timescale dynamics of the enzyme xylanase was investigated by dynamic neutron 

scattering (Reat et al., 2000a). The results indicate a significant effect of the 

solvent, as the picosecond fluctuations of the protein solution largely followed 

that of the corresponding pure cryosolvent solution. The results also indicate that 

for various protein-solvent samples the dynamic transition is strongly coupled to 

the melting of pure water, but is relatively invariant in cryosolvents of different 

compositions and melting points. One possible explanation for this observed 

insensitivity of the dynamic transition to cryosolvent composition is that the 
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structure of the solvent shell surrounding the protein is qualitatively similar in all 

of the cryosolvents but different from pure water. 

The effect of cryosolvents on xylanase stability was shown to vary with solvent 

composition. A possible mechanism for this effect is that the solvent perturbs the 

shell of molecules closest to the protein, thereby destabilising the enzyme. If this 

were an accurate model, it would suggest that perhaps the solvent shells 

surrounding the protein are not identical in each of the cryosolvents, as suggested 

from the neutron scattering data. An alternative explanation for the observed 

insensitivity of the dynamic transition to cryosolvent composition was provided, 

which suggested that the onset of anharmonic protein motion takes place at a 

temperature, determined either by the solvent or by the protein, depending on 

which component has the higher transition temperature. This suggestion is in 

agreement with the molecular dynamics simulation results of hydrated myoglobin 

by Vitkup et al. (2000). It would be interesting to see how variations in cosolvent 

composition affect the dynamic behaviour, and if there was a change to the pure 

water behaviour at a particular cosolvent concentration. 

As well as stability measurements, the effect of solvents on the catalytic properties 

of xylanase was studied. Although not a crucial part of the overall research, it 

does allow further insight into the potential effects cryosolvents have on the 

enzymes studied. It also ensures that the results obtained from protein­

cryosolvent solution studies are applicable to aqueous solutions. It was shown 

that as the organic solvent concentration increased the KM values increased. A 

change in the temperature dependence of the KM values was also observed, and 

was seen at approximately 5% methanol. General trends from the effect of 

methanol concentration on V max values were not as obvious, and tended to vary 

with temperature. However, increases in catalytic rate were observed after the 

addition of only 2% methanol. 

Due to the observed change in catalytic properties for xylanase upon addition of 

methanol, the effect of cosolvent concentration on the reaction mechanism was 

investigated. Although not a comprehensive study, it did show the production of 

new reaction products when assays were conducted in the presence of methanol. 

This is most likely due to a glycosyl transfer reaction to the methanol, as such 
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reactions are known to occur with hydrolytic enzymes (Sinnott, 1990; Matsumura 

et al., 1999). Even though new products are formed, the rate-limiting step of the 

enzyme reaction may still be the same in both aqueous and cryosolvent solution. 

From studies with the xylanase from Bacillus circulans, it was found that the 

glycosylation step is rate limiting with all known synthetic substrates (Lawson et 

al., 1997). Therefore, as the methanol does not enter the reaction pathway until 

the deglycosylation step, it is likely that the rate-determining step is the same, 

despite the better nucleophilic characteristics of methanol compared to water. 

This is supported by the fact that the energy of activation for the reaction is the 

same for xylanase assays conducted in both methanol- and DMSO-based 

cryosolvents (Dunn, 1998). These results do not affect the conclusions drawn 

from the Arrhenius plot data for xylanase, since we are looking for cessation of 

activity at a particular temperature due to dynamic changes in the enzyme. 

Therefore, even if the rate-limiting step of the reaction changes in cryosolvents as 

compared to aqueous solution, we are more concerned with whether activity is 

still present over the temperature range investigated. 

Comparisons between the temperature dependence of the activity and dynamic 

data allow the relationship between fast, picosecond motions, and enzyme activity 

to be determined, as mentioned above. The slowest step in the catalytic cycle of 

an enzyme is the rate-determining step. The enzyme-catalysed reaction is also 

accompanied by substrate binding, product release, and protein rearrangement 

steps, any one of which can be rate limiting for enzymes (Kohen and Klinman, 

1998). If it is assumed that a single rate-determining step determines the overall 

rate ofreaction, the time scale of this step can be expressed as the reciprocal of the 

turnover number. For the xylanase, the timescale of the rate-determining step is 

approximately 1 s at 0°C, and increases by at least three orders of magnitude at 

-50°C. As discussed earlier, the mechanism of xylanase involves multiple steps 

(Zechel et al., 1998), including rapid equilibration of reaction intermediates, with 

each step possibly relying on one or more dynamical modes on the 

second/millisecond timescale, at -50°C. Therefore, any catalytically relevant 

motions occurring in the enzyme at low temperatures are significantly slower than 

the picosecond motions detected by neutron scattering. 
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The absence of a transition in the activity data corresponding to the observed 

transition in the dynamic data suggests that anharmonic picosecond motions are 

not necessary for xylanase activity over the temperature range of -50°C to -70°C. 

Therefore, anharmonic fast motions, as detected by neutron scattering, may not 

necessarily be coupled to the slower motions required for barrier-crossing 

transitions along the reaction pathway. It should be noted that due to the level of 

sensitivity in the neutron scattering experiments, anharmonic motions activated in 

a more localised region, for example the active site, may still be present but 

undetectable. 

As previously mentioned, it was suggested that the active site region of a retaining 

~-glycosidase is of a largely structurally static nature, while being electronically 

dynamic, with little change in enzyme structure required during catalysis (Zechel 

and Withers, 2000; Withers, 2001). Therefore, the lack of correlation between the 

picosecond dynamics and activity may be due to the enzyme requiring minimal 

flexibility for catalysis. However, an independence of catalytic activity on 

anharmonic picosecond dynamics was also observed for glutamate dehydrogenase 

(Daniel et al., 1998). The activity of catalase and alkaline phosphatase has been 

shown to exhibit no deviations in Arrhenius behaviour down to near -I00°C 

(Bragger et al., 2000). This is significantly below the temperature at which the 

dynamic transition has been observed in a number of proteins. Therefore, while 

no dynamic studies have been performed on these enzymes specifically, they do 

support the observation of an independence of activity on fast anharmonic 

motions. 

The next step in determining the correlation between activity and dynamics would 

involve the specific study of the dynamics of the active site region, as opposed to 

the global dynamics. Also, to determine which motions are needed for activity, it 

is necessary to study protein dynamics over a range of time scales. 

From the dynamic results for the glutamate dehydrogenase-cryosolvent solutions, 

it can be seen that a shift of the lowest transition temperature to lower 

temperatures occurs as the timescale probed increases from approximately 

picoseconds to nanaoseconds. As the same enzyme preparation is used for both 

the IN16 and IN6 experiments, it allows this kind of trend to be easily observed. 
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These results suggest that the temperature dependence of the transition in average 

protein motions is time scale dependent. Therefore, the lowest dynamical 

transition temperature for the present system can be seen to be heavily dependent 

upon the instrument timescale, rather than occurring at a fixed temperature. 

Likhtenshtein et al. (2000) showed a similar observation from studies with 

labelled serum albumins. They found that the general tendency with increasing 

temperature was as follows: the lower the value of the characteristic frequency of 

the method, the lower the temperature at which the label mobility can be 

monitored. 

The timescale dependence of the dynamic transition temperature can be explained 

by the anharmonic motions slowing, with motions over a given time scale 

progressively being replaced by slower motions, as the temperature is reduced. 

This qualitative effect is consistent with a description of the dynamics associated 

with the lowest temperature transition as an essentially activated process, 

involving an energy-barrier crossing event. 

The internal molecular motions ofbacteriorhodopsin in the purple membrane have 

also been studied over a range of time scales (Fitter et al., 1997). Quasielastic 

incoherent neutron scattering was used to determine the internal motions over a 

range of temperatures. There data showed a dynamical transition between 180 K 

and 220 K for all motions resolved at time scales ranging from 0.1 to a few 

hundred picoseconds. Whereas below the transition temperature the motions were 

found to be purely vibrational, above the transition temperature they were found 

to be mainly diffusive in nature. They mention that one description of the 

dynamical transition, using mean-square displacements as a function of 

temperature, suggests that the required volume or the jump distances of the 

motions are decreasing with decreasing temperature. Such an interpretation was 

given in a study by Andreani et al. (1995) on the enzyme superoxide dismutase. 

But they report that the approach of relating decreasing quasielastic scattering 

components to decreasing "amplitudes" of the motions is only one possible 

interpretation. Another interpretation, in agreement with our interpretation of the 

timescale dependence of the transition, is that the motions become slower with 

decreasing temperature. This is based upon the model first proposed by 
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Frauenfelder and coworkers (1979), that diffusive motions are related to "barrier 

crossing" between conformational substates. 

Despite the present study, and other work, it is still not clear what the effect of 

decreasing temperature is on motions over a variety of time scales. Detailed 

dynamic studies are needed of specifically labelled regions over a range of time 

scales. 
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Appendix A 
My contribution to this work included preliminary stability work with the 

xylanase and alkaline phosphatase, assistance with the low temperature 

characterisation of the various cryosolvent solutions, and a share of the 

manuscript preparation. 
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1. Introduction 

The study of P.roteyis at low temperat~~.has a n~mber of advantages. Functions are 
slowed and thus easier to study and motions are reduced. Furthermore, the use of low 
temperatures increases the range over which studies of the effect of temperature on 
proteins can be carried out. For enzymes, assay at low te~peratures slows the reaction, 
facilitating the study of mechanisms and extendiqg the use of temperature as a tool to 
study enzyme structure, function, and dynamics. Mo~t such studies require a fluid 
(solvent) medium, and thus below 0°C this work requires the use of compatible 
cryosolvents, and a corresponding knowledge of their properties. The work of Douzou 
and others [l-4] has provided an excellent and thorough coverage of cryosolvent 
properties (as well as many other aspects of cryoenzymolo~y), in some cases down to 
- 100°C. But to date there is little information on the properties of potential cryosol­
vents below - I 00°C, other than the documented fact th~t ,nost cryosolvents currently 
in use undergo phase separation above that temperature [2]. 

As part of a research programme to measure enzyme activity at temperatures 
extending to below the temperature at which discontinuities in the dynamic behaviour of 
proteins have been observed [5,6], we have sought cryosolvents useful below - 100°C. 
We have investigated a variety of solvents containing ar least 20% water for their ability 
to resist phase separation and crystallisation of one or more of their components, visually 
and by X-ray diffraction to - 160°C. A number have been examined for the effect of 
protein on phase separation, and for their effect on enzyme stability. Some of the 
cryosolvents have also been subjected to DSC. Use of some of these cryosolvents will 
allow the study of proteins, including enzyme assays, in a homogeneous medium to 
below - 125°C. 

2. Materials and methods 

All solvent percentages are by volume. Preliminary assessment of cryosolvents for 
any signs of phase. separation was carried out visually on 2 ml volumes in 16 mm 
diameter closed glass tubes immersed in a stirred n-propanol bath cooled with liquid 
nitrogen. The tubes were equilibrated for at least 30 min at various set temperatures 
down to - 125°C, below which stirring the n-propanol bath became difficult. 

X-ray scattering experiments on the cryosolvents, and solvent plus enzyme, were 
carried out down to - 160°C in Debye-Scherrer geometry on line 9.1 at the Daresbury 
synchrotron radiation source, UK, using a curved image-plate detector system. The 
cryosolvents were in standard 0.7 mm thin-walled glass capillary tubes. The cooling rate 
was 12Q°C/h and the warming rate 360°/h. The scattering from the samples was 
observed on both cooling and warming at a number of intennediate temperatures. The 
presence of crystallisation was identified by the appearance of powder diffraction peaks. 
Where no crystallisation was observed, the changes to the measured diffraction patterns 
were as would be expected from a liquid or glass on reducing the temperature. Samples 
were also examined visually during image plate changes, down to - I 60°C, for any 
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increase in optical opacity which would have indicated possible changes such as 
crystallisation or phase separation. 

X-ray diffraction work.was also carried ouf oli''SOme solvents in the presence of 60 mg 
ml- 1 of the glutamate dehydrogenase from Thermococcus zilligii strain ANI [7], since 
some applications of the cryosolvents will involve the use of high protein concentrations. 
This glutamate dehydrogenase was chosen because althougl) it is a large complex 
enzyme, it is a very soluble, stable enzyme, which is ·resistant to denaturation by 
cryosolvents (see [5,6) and Dunn and Daniel, unpublished observations). 

Differential scanning calorimetry measurements were made using a Shimadzu DSC-
50 differential scanning calorimeter. Samples were sealed in SO µ.l aluminium crucibles 
(sample weights between 25 and 40 mg) and cooled dQwn · using a flowing nitrogen 
atmosphere. All data were collected during heating at a standard rate of I0°C/min. 

The effect of the cryosolvents on enzyme stability was assessed by incubating the 
enzyme in the cryosolvent at 0°C, and withdrawing 20 µ.l . aliquots at various time 
intervals. These aliquots were injected directly into 1.5 m1 volumes of the appropriate 
enzyme assay mixture containing substrate and buffer, and the activity remaining 
determined by assay at 30°C. The 13-glucosidase was from Caldicellosiruptor sac­
chtlrolyticum strain Tp8, cloned and expressed in E. coli, and prepared and assayed as 
described [8]. The xylanase was from Thermotoga maritima strain FjSS3BI, cloned and . 
expressed in E. coli, and prepared and assayed as described [9]. Both these enzymes are 
from extreme thermophiles, and the key purification step is a simple heat treatment 
which denatures and precipitates the less stable cellular proteins of the E. coli host. They 
have been used here to provide a stable single subunit enzyme (xylanase) and a stable 
multisubunit enzyme (!3-glucosidase) The alkaline phosphatase (dimeric) and the 
esterase (single subunit) are from mesophilic sources and may be expected to be less 
stable in cryosolvents; they were supplied by Boehringer Mannheim (Auckland, NZ) and 
Sigma (St. Louis, Mo. USA) respectively. These were assayed by following the 
hydrolysis of p-nitrophenyl phosphate and p-nitrophenyl butyrate, respectively (see Ref. 
[8]). 

3. Results and discussion 

3.1. Cryosolvent homogeneity 

During preliminary visual screening of a wide variety of potential cryosolvents we 
found none with a water content above 20% that would resist phase separation below 
- I 20°C. We have not examined cryosolvents with less than 20% water. 

Of a variety of cryosolvents tested in a preliminary test-tube screening, of those which 
were binary mixtures, i.e. single solvents mixed in different proportions with water, only 
dimethylformamide (DMF) (80%) and methoxyethanol (80%) resisted phase separation 
and crystallisation below - l 20°C by visual and X-ray diffraction criteria. However, the 
addition of ethanediol (and glycerol) to methanol, and ethanediol to acetone, to form 
3-component cryosolvents, prevented phase separation and crystallisation in these 
solvents also. The further addition of methoxyethanol to the acetone:ethanediol mixture 
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Table I 
Aqueous cryosolvents remaining homogenous below - I 20"C. Cryosolvents were assessed for homogeneity 
visually, and for at,sencs; of crystallisation by X•ray.,lliffractior;i. down to - 160°C 

Cryosolvent (%)' Homogenous/no Viscosity al 
crystallisalion lo 

-10s0 c - 12s0c 

Melhanol:elhancdiol (70: 10) < -160°C +++ + 
Melhanol:glycerol (70: I 0) < - 160°c +++ + 
Acelone:elhanediol (S0:30) - 12s0 c + + 
Ace1onc:melhoxyelhanol:elhancdiol 
(35:35:IO) < -160°c +(+) 
DMF:clhanediol (70: 10) < -160°C + 
DMF (80) < -160°c + 
Methoxyelhanol (80) < - 160°C + 
Melhoxyelhanol:elhanediol (70: IO) < - 160°c 

'All cryosolvents contain 20% H20. 
+ + + = readily miscible, + + = miscible, + = very viscous, - = solid. 

eliminated the phase transition apparent just below - 125°C. The cryosolvents found to 
remain homogenous below - l 20°C are arranged in Table 1 in order of increasing 
viscosity. 

In addition to the cryosolvents shown in Table l. different proportions of these 
components (including increased proportions of H20) and other cryosolvents were also 
tested visually. Among the single solvents tested in this way, with H 20, were acetone, 
acetonitrile, allyl alcohol, DMSO, ethanol, methanol, n-propanol, and tetrahydrofuran. 
Among the three or four phase systems (including H20) tested were, acetone:methox­
yethanol. acetone:glycerol, acetonitrile:ethanediol, allyl alcohol:ethanediol. n­
butanol:ethanediol, methylacetate:acetone, methylacetate:acetone:ethanediol, methyl­
acetate:ethanediol, n-propanol:ethanediol, DMSO:acetone, tetrahydrofuran:ethanediol. 
All of these systems contained 20-40% H 20. All either exhibited phase separation 
above - l2Q°C. or were appreciably more viscous than similar mixtures listed in Table 
I. They were therefore not subjected to X-ray or DSC measurements. 

X-ray diffraction measurements were also carried out on cryosolvent containing 
dissolved (60 mg ml- 1) glutamate dehydrogenase. The solvents comprised 70% 
methanol:10% ethanediol, 70% methanol:10% glycerol, 50% acetone:30% ethanediol, 
and 70% DMF: 10% ethanediol. No phase separation or crystallisation was seen at any 
temperature tested, i.e., the results were the same as for the cryosolvents alone except in 
the case of 50% acetone:30% ethanediol where the presence of the protein eliminated 
the slight crystallisation observed at about - 125°C 

3.2. Differential scanning calorimetry 

Although several cryosolvents remained homogenous below - l 20°C (Table 1 ), the 
methanol:ethanediol and methanol:glycerol cryosolvents were the least viscous, and 
were the only ones which could be mixed below - l 25°C. The former, and variants of 
it, were examined using DSC (Fig. 1 ). Alone, both 70% and 80% methanol exhibit exo-
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Fig. 1. Differential scanning calorimetry of methanol cryosolvents. The figure shows the effect of different 
ethancdiol and water concenttations on the differential scanning calorimetry plot of methanol. The numben 
given arc the percentages of methanol and cthancdiol respectively, with the balance being water. 

or endothermic changes characteristic of phase transitions at about - I 10°C, although 
the increase in concentration to 80% methanol has reduced the size of the transition. The 
presence of 5% ethanediol is insufficient to abolisb the transition even with 75% 
methanol, and 10% is ineffective with 60% methanol. Within the constraint of 
maintaining a 20% water content in the cryosolvent, of the various mixtures of methanol 
.and ethanediol tried here, 70% methanol:10% ethanediol seems optimal. It is clearly free 
of phase transitions, with no significant exo or endothennic transitions observable down 
to the lowest temperature tested, - l60°C. Mixtures containing higher concentrations of 
ethanediol (e.g. methanol:ethanediol, 65:15%) were also free of transitions but were 
substantially more viscous. The molar ratios of the 70: 10% mixture are I (water): 1.56 
(methanol):0.16 (ethanediol). Attempts to gain a similar result using less methanol, or 
less ethanediol were unsuccessful. These DSC results are fully consistent with 
assessments of homogeneity made visually. 

3.3. Cryosolvent effect on enzyme stability 

An essential requirement of a cryosolvent is that it is compatible with protein and 
enzyme stability. The data in Table 2 compares the stability at 0°C of several enzymes in 
cryosolvents obtained by incubating them in cryosolvent and determining residual 
activity. Our experience suggests that enzymes that will withstand exposure to 
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Table 2 
Stability of four enzymes at O"C in various cryosolvents. Figures are for percentage activity remaining after 
enzymes are exposed to cryosolvent for 1 and 3. JI: . assays for remaining activity contain < I% residual 
cryosolvent 

Cryosolvenl c,) ~gluc:osidase Xylanasc Alkaline Esterue 
I and (3) h I and (3) h Plrosphawc I and !3) b 

·1 and (3) h 

COllll'Ol(H20) 100 (100) 100 (100) 100 (100) 100 (100) 
Medwlol/F.duediol (70: 10) 92 (63) TI(87) 118 (116) 2 (16) 
Medlanol/Glycaol (70: 10) 88 (83) ~(TI) 117 (110) 2 (16) 
Acetone/Edranediol (S0:30) 87 (83) 81 (89) 99 (IOI) 5 (15) 

Ac:etone/Medlolyethanol/Edlanediol 

(35:35:10) 90 (85) 92 (105) Jl4 (87) 69(66) 

DMF/Elhanediol (70:10) 83 (73) 65 (37) )16 (63) 10 (19) 
DMF(IO) 81 (75) 25 (22) 23 (26) 27 (24) 

Melhoxyedwlol (80) 83 (84) 116 (105) t2I (93) 54 (45) 

Mdhuol (70) 78 (73) 90 (87) 147 (88) 38 (24) 

Mcdlmd (80) 73 (63) 119 (96) 65 (55) 23 (14) 

cryosolvent at 0°C will not succumb to cold denaturabon as the temperature is lowered, 
but will instead be even more stable at lower temperatures. There are few obvious 
systematic trends in the data. Most of the cryosolvents seem to have a destabilising 
effect on some enzymes, and not on· others, with the extent depending upon the 
enzyme/cryosolvent pairing. The presence of ethanediol does not have a consistently 
stabilising effect. For the enzymes investigated here, DMF seems to be the most 
destabilising cryosolvent. Methoxyethanol, whose use in a cryosolvent mixture we have 
not seen described elsewhere, seems to have a stabilising effect on the enzymes tested, 
and may have applications when other cryosolvents are too destabilisilfg. On the basis of 
the data here it seems that the methanol/ethanediol (70%:10%) cryosolvent is, on 
average, not significantly more destabilising at 0°C than any other cryosolvent tested. 

4. Simplified description 

The work described here has found cryosolvents in which enzymes and proteins can 
be studied in a homogeneous (phase-change-free) medium down to temperatures lower 
than previously reported. Use of 70% methanol:10% ethanediol (20% water) as a 
cryosolvent will allow such studies down to at least - l60°C. The solvent is sufficiently 
fluid to allow mixing down to at least - l25°C, so that enzyme assays, ligand binding 
studies, and other functional studies are possible down to this temperature. Use of 70% 
methanol:10% glycerol (20% water) would also appear to be satisfactory, and several 
other of the cryosolvents described here, including acetone:ethanediol (50:30% ), 
acetone:methoxyethanol:ethanediol (35:35: I 0% ), DMF:ethanediol (70: I 0% ), DMF 
(80%), methoxyethanol (80%), and methoxyethanol:ethanediol (70:10%) may be useful 
under particular circumstances. 
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Appendix B 
My contribution to this work included all the xylanase activity and stability 

determinations in the various cryosolvents. I also assisted in the preparation and 

placement of the samples for the neutron scattering experiments, and shared in the 

manuscript preparation. 
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A transition as a function of increasing temperature from harmonic 
to anharmonic dynamics has been observed in globular proteins by 
using spectroscopic, scattering, and computer simulation tech· 
niques. We present here resuhs of a dynamic neutron Kattering 
analysis of the solvent dependence of the picosecond-time scale 
dynamic transition behavior of solutions of a simple single-subunit 
enzyme, xylanase. The protein is examined in powder form, in 0 20, 
and in four two-component perdeuterated single-phase cryosol­
venu in which it is active and stable. The scattering profiles of the 
mixed solvent systems in the absence of protein are also deter­
mined. The general features of the dynamic transition behavior of 
the protein solutions follow those of the solvenu. The dynamic 
transition in all of the mixed cryosolvent-protein systems is much 
more gradual than in pure Dz(), consistent with a distribution of 
energy barriers. The differences between the dynamic behaviors of 
the various cryosolvent protein solutions themselves are remark· 
ably small. The results are consistent with a picture in which the 
picosecond-time scale atomic dynamics respond strongly to meh· 
ing of pure water solvent but are relatively invariant in cryosol· 
venu of differing compositions and melting points. 

X -ray diffraction, dynamic neutron scattering, and various 
spectroscopies have demonstrated a quantitative change in 

the nature of internal motions of proteins, at ... 200-220 K (1-8). 
Below this transition, the internal motions are essentially har­
monic whereas above it anharmonic dynamics contribute and, at 
physiological temperatures, dominate the internal fluctuations. 
The anharmonic motions may involve confined continuous 
diffusion (6, 9) and/or jump diffusion between potential energy 
wells associated with "conformational substates" of slightly 
different structure in which proteins are trapped below the 
transition (2, 10-12). 

Correlations have been made between some protein functions 
(such as ligand binding, electron transfer, and proton pumping) 
and the presence of equilibrium anharmonic motion (8, 13-17). 
Recent x-ray diffraction work on carbon monoxy-myoglobin 
showed that, below 180 K, photodissociated ligands migrate to 
specific sites within an internal cavity of an essentially immobi­
lized, frozen protein, from which they subsequently rebind by 
thermally activated barrier crossing (18). On photodissociation 
above 180 K, ligands escape from the distal pocket, aided by 
protein fluctuations that transiently open exit channels. 

The increased flexibility conferred by anharmonic dynamics 
may indeed be required for some proteins to rearrange their 
structures to achieve functional configurations. However, the 
forms and time scales of the anharmonic motions required for 
function are in general unknown. In particular, it was recently 
shown that, in cases of enzyme activity in a cryosolvent, the 
rate-limiting step is independent of the ... 220 K dynamic tran­
sition (19, 20). Furthermore, it was demonstrated that dynamic 
transition temperatures in a cryosolvent solution of glutamate 
dehydrogenase are strongly dependent on the time scale of the 
motions involved (21). 

To further understand the nature of dynamic transitions in 
proteins, it is particularly important to characterize solvent 

effects. Solvent can in principle affect protein dynamics by 
modifying the effective potential surface of the protein and/or 
by frictional damping (22, 23). Solvent viscosity is known to 
influence fast, diffusion-limited reaction rates in. for example, 
ligand binding to myoglobin (24). Changes in the structure and 
internal dynamics of proteins as a function of solvent conditions 
at physiological temperatures have been found by using several 
experimental techniques. In the absence of minimal hydration, 
lysozyme does not function (25), and related NMR measure­
ments of exchangeability of the main chain amide hydrogens 
suggest a hydration-related increase in conformational flexibility 
of the protein (26), which may be coupled to (probably small) 
Raman-detected conformational changes that appear to be 
necessary before activity (26, 27). Rayleigh scattering of Moss­
bauer radiation demonstrated an increase of dynamic amplitudes 
on hydration of myoglobin (28). This increase was also found in 
subsequent neutron work on lysozyme powders (29), and qual­
itatively similar results have been found in more recent neutron 
work on parvalbumin, lysozyme, myoglobin, and the bovine 
pancreatic trypsin inhibitor (23, 30-33). 

It is clear from the above and other work that solvent affects 
protein dynamics at physiological temperatures. Therefore, a 
solvent dependence of the dynamic transition might be expected. 
Indeed, measurements on CO binding to myoglobin indicate that 
dynamic behavior of the protein is correlated with a glass 
transition in the surrounding solvent (34, 35), and a recent 
molecular dynamics analysis of hydrated myoglobin also indi­
cates a major solvent role in protein dynamic transition behavior 
(36). Several recent neutron studies have been made of envi­
ronmental effects on the dynamic transition in proteins. These 
studies indicate that gross changes in the environment, such as 
dehydration or trehalose embedding, can abolish the transition 
(14, 37, 38). 

Here, we examine bow modification of the composition of the 
solvent affects dynamic transition behavior by using neutron 
scattering, which provides a means of directly probing atomic 
fluctuations in protein solutions (32, 39). The dynamic informa­
tion is obtained from the elastic scattering, which can be used to 
derive the cross section-weighted average mean-square displace­
ment (u2) of the atoms in the solution. The (u2) contains 
contributions from all motions resolvable by the instrument 
used, which in the present experiments corresponds to those 
faster than -100 ps. It is found that, in pure water, the dynamics 
reflect melting but are invariant in cryosolvents of strongly 
different composition and phase transition behavior. 
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Methods 
The experiments were performed on a thermophilic xylanase 
enzyme in a dry powder, in D20, and in single-phase water­
solvent mi.,;tures consisting of 40% CD30D/60% D20, 70% 
CD30D/30% D,O. 40% DMS0/60% D,O, and 80% DMSO/ 
20% D20 (all solvent percentages are by volume). The corre­
sponding mixed solvent solutions in the absence of protein were 
a lso examined. These cryoso Ive n Is were chosen because they are 
all well-characterized and maintain enzyme activity. The xyla­
nase was chosen because ii is a relatively simple, single subunit 
enzyme thal is stable under all of lhe experimental conditions 
used in this work and active down to at least 190 K. The enzyme 
was puriried and as.sayed as des~Tibed elsewhere (19, 20). For the 
40% CDJOD/60% ~ and 70% CD30D/30% D20 solvents, 
xylanase activity data exist (40, 41). As found in previous work 
(20), all or the xylanase activity was recovered at the end of the 
present experiments. confirming that the enzyme is stable unde.r 
all of the experimental condilions used here. 

The dynamic neutron scattering measurements were per­
formed on U1e IN6 time-of-flight spectromete.r at the Institut 
Laue;Langevin, Grenoble. The incident neulron wavelenglh was 
5.12 A. and energy resolutionwas 50 µ.eV. All dala were collected 
with the sample holder orienled at 135° relative to lhe incident 
beam. The samples were conlained in aluminum flat-plale cells 
of 0.7 mm thickness for the protein-cryosolvent and 2 mm 
thickness for the cryosolvent solutions. The following protein 
samples were run (with their measured transmicisions in paren­
theses): 68 mg/ml xylanase in 70% CD30D/30% Di0 (0.89); 68 
mg/ml xylanase in 409,, CD.,OD/60% D20 (0.88); 51 mg/ml 
xylanase in 80% DMS0/20% 0,0 (0.87); 68 mg/ml xylanase in 
40% DMS0/60% Di0 (0.90); 100 mg/ml dry powder xylanase 
(0.98); and 100 mg/ml xylanase in DP (0.90). 

The dry powder was prepared by freeze drying and lhen 
holding at 100 milliTorr for 2 days at 200°C. The following 
perdeuterated solvents were run: 70% CD30D/30% D20 (0.80): 
40% CD30D/60% D20 (0.79); 80% DMS0/20% 0,0 (0.80); 
40% DMS0/60% D20 (0.86): and pure ~O (0.82). 

Samples were first cooled to 110 K aod then heated back up 
lo 300 K in steps of 10 K. Raw data were correcled in identical 
fashion. The elastic intensity was determined by inteirating the 
detector counts over the energy range of the instrumental 
re.solution. The detectors were calibrated by normalizing with 
respect to a standard vanadium sample. The cell scattering was 
sub1rac1ed. taking into account attenuation of lhe singly scat­
tered beam. Finally, the scalleri.ng was normalized with respect 
to lhat at the lowest measured temperature, 110 K. 

The quanlity measured i.n oeulroo scattering is the dynamic 
structure factor, S( q.,. ), which is a function of the scattering wave 
\'ector q and the energy transfer w (32, 29). S(q,w) has two 
components: incoherent (which arises from self-correlations in 
the atomic positions) and coherent (which arises from self- and 
cross-correlations in lhe atomic positions). The incoherent scat­
terin![ lTOSS seclion (scattering power) for hydrogen is an order 
of magnitude greater Ulan any other cross section in biological 
systems. ll1erefore. the hydrogen incoherent scattering domi­
nale.s the signal from the protein. Because hydrogens are evenly 
distributed in a protein, 1he protein scattering gives a global view 
of the protein motions. To maximize the contribution from the 
protein motions under con1rolled conditions, the presenl exper­
iments were performed by using fully deuterated solvents and 
hydrogen/deuterium exchanged proteins (twice dissolved in 
D,O and free.ze-dried). This deuteration procedure serves to 
ensure that the solvent is fully deuterated (and not partially 
hydrogenated by exchange of hydrogen from the enzyme) aod 
that no change in the deuteration of the enzyme or solvent occurs 
during the experiment. The consequent partial deuteration of 
lhe enzyme is limited 10 the exchangeable hydrogens, which 
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means that the hydrogens left are ~ntially all in the protein. 
Knowledge of the isotopic scattering cross sections and iso1opic 
compositions of the samples lhen indicales thal. for 1he protei.n 
solutions. about 50% of the scattering i.,; incoherent and 50% 
coherent. Seventy-five percent of the incoherent scattering 
originales from the protein. because of lhe strong hydrogen 
contribution. Therefore, 25% originates from the solvent atoms 
and will i.nfluence the observed profile in a manner depending 
on the solvenl dynamics and the region of q,w space examined. 

The isotopic coherent scattering cros.,; sections and protein 
solulion sample composilion indicate that mosl of the coherent 
scattering originates from the. solvent. The self-coherent contri­
bution to this, which is stroniest in the low q regime considered 
here (below 1 A.-1), is dynamic and identical in form to 1he 
incoherent scattering from the same atom (the amplitude is not 
identical because it is weighted by the coherent cross section) 
(39). In addition. there is a conlribution originaling from cross­
correlations (i.e., dislance distributions). The inlramolecular 
"Bragg" part of this contribution lies al q values higher than 
those considered here. However, a strucrural "small-angle~ 
scattering contribution can also exist in the same q-range as lhe 
self-coherent and incoherent scattering. The small-angle scat­
tering can be distinguished from the dynamic self-coherent 
scattering by its q-dependence. To remove the temperature.­
indepe.ndent small-angle scallering. the scattering profiles were 
normalized with respect to the intensities measured at 11 OK. For 
lhe protein solution samples examined here, there was no 
evidence for additional lemperalure-dependent. small-angle 
coherenl scauering. 

We define (ub as the mean-square displacement or the Lth 
atom, where the brackets indicate an ensemble-average. If cr(uZ) 
< 1, the elastic incoherent scattering is given by (39) 

~ I ' 
S;0c(q,w = o,n = 1., bl_"< e - J•~,>. [IJ 

L 

where bL is the scanering lenglh of atom L. A,;suming a uniform 
mean-square displacement (ul), this (u2) can be accessed by 
performintt a plot of In S( q,w = 0,1) vs. q2 and taking the limiting 
slope as q-0 al each temperature. In the present work, the (u2) 
thus determined is equal to ( (u2)r - (u2>11,)), where (u2)110 is the 
absolute mean-square displacement at 110 K. (u2) is analogous 
to that obtained by x-ray crys1allographic temperalure factor 
analysis except that it is molecule averaged, time resolved, and 
purely dynamic. i.e~ without a static disorder contribution. 

We introduce here the i.nlegraled elastic intensily Snrr(J), 
obtained by summing S( q,w = 0,1) over a range of small q values. 
S1NT(1) provides a qualitative guide of dynamic transition be­
havior. with good counting statistical accuracy, and it is espe­
cially useful in cases where the In S(q,w = 0,7) vs. q2 plots are 
too noisy to exlract meaningful (ul) data, such as was found for 
the pure solvent samples in the present work. The improved 
statistics are obtained by integrating over a range of q chosen to 
lie i.n the dynamic scattering region. i.e~ the slraight-line regions 
in the In S(q,w = 0,7) vs. er plots (0.35 < q < 1.03 ,\- 1 in Fig. 
2). The approximate physical sense of S1NT(1) can be appreci­
ated by expanding the exponential in Eq. 1 to firsl order, 
integrating over q, and averaging over the atoms. One then 
obtains that S1NT(7) « -(u2). 

In certai.n pure solvent systems, sittnificant temperature­
dependent small-angle coherent scatteri.ng was found (see Re· 
suits). The pure solvent Snrr(7) should therefore be considered 
only as an approximate guide 10 the dynamic transition behavior 
of the pure solvent syslems studied. Moreover, relatively poor 
counting stalistics were obtained for the pure solvent samples. 
due in part to the absence of strongly scallcring hydrogens, 
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rendering impossible the extraction of statistically significant 
mean-square displacements for these samples. 

Structural and Thermodynamk Measurements on the Solvents. X-ray 
scattering experiments on the cryosolveots were carried out 
down to 110 Kin De.bye-Scherrer geometry on line 9.1 at the 
Daresbury Synchrotron Radiation Source (Daresbury, U.K.) 
using a curved image-plate detector system (41). The cryosol­
vents were in standard 0. 7-mm, thin-walled glass capillary tubes. 
The cooling rate of 120 K/h was similar to that used in the 
neutron experiments, and the warming rate was 360 K/h. The 
scattering from the samples was observed on both cooling and 
warming at a number of intermediate temperatures. The pres­
ence of crystallization was identified by the appearance of 
powder diffraction peaks. Where no crystallization was ob­
served, the changes to measured diffraction patterns were as 
would be expected from a liquid or glass on changing the 
temperature. Samples were also examined visually during image 
plate changes down to 110 K for any change in optical opacity 
that would have indicated possible changes, such as crystalliza­
tion or phase separation. Differential scanning calorimetry 
(DSC) measurements were made by using a Shimadzu DSC-50 
differential scanning calorimeter. Samples were sealed in 50 µl 
aluminum crucibles (sample weights between 25 and 40 mg) and 
cooled down by using a flowing nitrogen atmosphere. All data 
were collected in beating at a standard rate of 10 K/min (42). 

Results 
Dynamic Neutron Scattering. In Fig. l are preseotedS1NT(1) for the 
samples. For the protein samples, it was possible to fit the data 
to straight lines in semilog plots of In S( q,w = 0,7) vs. q2 (an 
example of such a fit is given in Fig. 2) so as to obtain 
corresponding mean-square displacement data, which are shown 
in Fig_ 3. The dry powder S1ITT(1) profile in Fig. IA shows only 
a relatively small decrease, with temperature over the range 
examined (from 110 K to 300 K), and there is a correspondingly 
small increase in (u2) in the data in Fig. 3A. The major compo­
nent of this (u2) is expected to be due to small-amplitude, 
solid-like, vibrational dynamics, the physical nature of which has 
been explored (43) although one cannot rule out the existence 
of a small anharmonic contribution. The profile indicates that, 
in dehydrated powder form, xylanase does not possess a marked 
transition in the neutron scattering data, consistent with previ­
ous work on other proteins (14, 15, 28). 

For the pure DiO sample in Fig. IA, there is a significant 
decrease with temperature from 110 K to 280 K, without any clear 
transition but with a gradual increase in curvature. The profile is 
again consistent with predominantly vibrational fluctuations, but of 
larger amplitude than in the dry protein powder. Between 280 K 
and 290 K, there is a sharp transition ocrurring slightly above the 
thermodynamic melting point, the latter being at 277 K. This 
strongly nonlinear increase of (112) with T is consistent with the 
activation of anharmonic picosecond dynamics. 

The general form of SINT(J) for xylanase in D20 resembles 
that of the pure D20, again with a sharp transition associated 
with melting of the solution. Fig. 3A indicates that the melting 
transition in the xylanase/D20 system is associated with an 
8-fold increase in the mean-square displacement over the tem­
perature range 270-290 K. In Fig. IA, the drop starts earlier and 
is Jess steep than that ofD20, indicating that the transition in the 
protein solution is slightly more gradual and begins at a slightly 
lower temperature ("'270 K). This suggests that the protein acts 
to depress the dynamic transition temperature. Experiments 
performed on glutamate dehydrogenase and myoglobin in DiO 
(not shown) produced results similar to the present xylanase 
work. 

A phenomenon seen in all of the systems is that, below the 
transition, S1ITT(1) is higher for xylanase solution than for the 
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Fig. 1. Norrralizad integrated elastic intensity. The q integration range is 
0.3sA-• <q< 1.03A-• and.._...,= 0.66A-1. (A)Xylanase powder, pure DP, 
and xylanasain D,O. (8) 40% CD30D/60% DP solvent, 70% CD:,OD/30% D20 
solvent, xylanasa in 40% CD:,OD/60% Dz(), andxylanasa in 70% CD:,OD/30% 
0,0. (C) 40% DMS0/60% 020, 80% DMS0/20% 0,0, xylanase in 40% DMSO/ 
60% D,O, and xylanase in 80% DMS0/20% 0,0. 
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corresponding pure solvent. This indicates that, in the protein 
solution, the atomic fluctuations are decreased relative to those 
in the pure solvent. This may reflect the relatively high packing 
of the protein interior, which might lead to restricted vibrational 
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Table 1. Thermodynamic and stability data 

Solvent 

70% CH30H/30% H,O 
40% CH30H/60% H,O 
80% DMS0/20% H20 
40% DMS0/60% H,O 

Solvent melting 
temperature, K 

188 
233 
235 
232 

153 

Half-life of 
xylanase in solvent 

20 min at so•c 
18 hat 60°( 
<2 min at so•c 
6 hat 80°C 

The stability data ware taken at temperatures well above that at which the 
present experiments ware performed. The half-lives at the temperatures used 
in the present neutron work are very much longer than those given here. The 
half-life of xylanase in water is >20 hat 95"C. 

motion relative to in-bulk solvent. Furthermore, the amplitude 
of the vibrational modes of the solvent molecules could be 
reduced by interaction with the protein. 

The decrease of S1NT(1)with Tin all four enzyme-cryosolvent 
systems and the corresponding pure solvents (Fig. 1 B and C) is 
much more gradual than in the D20 samples. To a first approx­
imation, the dynamics of the protein solutions follow that of the 
pure solvents. S1NT(7') decreases continually over the whole 
temperature range examined. For some of the samples, uneven­
ness in S1NT(T) is seen at low temperatures (below 220 K). This 
is likely to be related to the thermodynamic and structural phase 
transitions in these samples discussed in the next section; some 
contamination from small-angle scattering cannot be ruled out. 
Apart from this contamination, no clear inflection points in 
S1NT(7') are visible for the pure CD30D/D20 samples whereas 
for the DMSO samples a change of slope is seen al ""200-220 K. 

The dynamic transition behavior of the prolein-cryosolvent 
solutions is clearly visible in the (u2) vs. T plots in Fig. 3. In the 
protein-cryosolvenl solutions, large-amplitude anharmonic dy­
namics are activated at significantly lower temperatures than in 
the protein/D20 sample, and the increase of (u 2) with Tis much 
more gradual, resembling that seen in hydrated protein powders 
(7). The (u2) data in the four cryosolvent-protein systems are 
virtually identical. 

Structural and Thermodynamic Properties of the Solvents. Published 
melting temperatures in the hydrogenated mixed solvents (44, 45) 
and data on the enzyme stability in the mixed solvents are given in 
Table 1. Three of the four solvents melt in the range 232-235 K 
whereas the 70% CH10H remains liquid to below 190 K. 

The DSC and synchrotron x-ray diffraction measurements 
were performed to provide additional structural and confirma­
tory thermodynamic information on the perdeulerated pure 
solvents. Both methods were used to indicate the presence of 
phase changes, whereas the diffraction data additionally probed 
structural effects as evidenced by the appearance of Bragg peaks, 
using heating/ cooling rates closely similar lo those used in the 
neutron experiments. The DSC indicated that the melting tem­
perature is at 170-190 K for the 70% CD30D/30% Di0 sample 
and -235 K for the 40% CD30D/60% D20 sample, consistent 
with the above published results. 

All solvents showed noticeable Bragg scattering at low 
temperatures at q > 0.8 A- 1• For the 70% CD30D/30% D20 
sample, this was visible at temperatures below 190 K, whereas 
the 40% CD30D/60% D20 solution exhibited Bragg diffrac­
tion at 220 K but not 245 K (intermediate temperatures were 
not examined). These results are consistent with the above 
published melting temperatures and our DSC measurements. 
The 40% CD30D/60% D20 sample also exhibited small-angle 
x-ray scattering at very low q (0.34 A- 1) al 160-180 K, 
suggesting some long-range periodicity accompanying the 
formation of microcrystallites at these temperatures in this 
sample. The above Bragg scattering is consistent with the 
S1NT(1) data in Fig. lB, which shows nonsmoolh behavior 
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below 235 K for the 40% CD30D/60% D20 sample but 
smooth behavior in the 70% sample. The nonsmooth behavior 
may be due to dynamic effects accompanying structural phase 
transitions or due to contamination of Snrr(T) by Iow-q 
diffraction in the sample. The x-ray data for both the 80% and 
40% DMSO solvents showed complex solid-state phase be­
havior between 170 Kand 210 K, which, for the 80% sample, 
could be related to the uneven S1NT(T) and the peak in (u2) at 
190 Kand 200 K seen in Fig. 3B. The final melting temperature 
was between =230-245 K for both these samples, again 
consistent with the results of refs. 44 and 45. 

Discussion 
A number of investigations strongly suggest that the intrinsic 
anharm_onicity of the protein potential surface will be modulated 
by qualitative changes in solvation conditions (see, for example, 
refs. 14, 16, 22-33, and 37). The present results indicate a large 
effect of solvent on dynamic transition behavior by showing that 
the fast picosecond fluctuations of concentrated protein solu­
tions largely follow those of the corresponding pure solvents. 

The compositional inhomogeneity of the mixed solvents may 
play a role in the nonlinear increase of (u2) in the protein­
cryosolvent systems being much more gradual than in D20 (Fig_ 
3). This (u2) behavior is consistent with the presence of a 
distribution of energy barriers, with successively higher barriers 
being crossed on the picosecond time scale with increasing 
temperature. This is in contrast to the abruptness of the tran­
sition in D20, which indicates a more cooperative dynamic 
transition, associated with the melting point. The cooperativity 
may in principle involve both the ice-water structural transition 
and associated whole-molecule diffusion. 

The results also indicate that, in solutions of proteins in 
markedly different cryosolvents, similar picosecond dynamic 
transition behavior is seen. The (u2) data for xylanase in all 
four cryosolvents are closely similar, with onset of anharmo­
nicity seen at =230 K (Fig. 3). This is around the highest 
melting points of three of the four cryosolvents which are at 
232-235 K. Therefore, the dynamical transition behavior of 
these three samples occurs at about the same temperature as 
their phase transition. However, although the highest melting 
point for 70% CD30D/30% D20 is below 190 K. no associated 
activation of the picosecond dynamics is seen close to this 
temperature in the corresponding protein solution. The 230-
235 K transition does remain, although perhaps at a slightly 
lower temperature than for xylanase in 40% CD30D/60% 
D20. Remarkably, then, there is little difference in the tem­
perature dependence of the picosecond dynamics of protein­
cryosolvent samples here that contain very different propor­
tions of the mixed solvents and water contents and have very 
different highest melting points. Melting of the 70% CD,OD/ 
30% D20 solvent system has no measurable effect on the fast 
dynamics. The present results also raise the interesting ques­
tion as to how the dynamics will vary as the proportion of 
CD30D (or DMSO) is decreased, i.e., whether there is a 
(perhaps narrow) concentration range where a "switch" to the 
sharp D20 transition behavior takes place. 
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Structural effects that might be related to the presently 
observed dynamic insensitivity to cryosolvent composition 
would be interesting to investigate. One possible explanation 
might be that the structure of the solvent shell of the enzyme may 
be qualitatively similar in all of the cryosolvents but different 
from pure water. What limited evidence we do have from 
crystallographic studies in mixed solvents suu;ests that the 
non-water solvent molecules do interact with certain parts of the 
protein surface directly ( 46-49). However, although xylanase is 
active in all of the cryosolvent mixtures used here, the mixtures 
do destabilize the protein relative to water, and they do so to 
differing degrees (See Table 1 ). Therefore, if the effect of a 
solvent on stability is mediated in part by perturbing the shell of 
molecules closest to the protein, then these stability results would 
indicate that the composition of the solvent shell is not similar 
in each sample. 

Another possibility, suggested by a referee and consistent 
with the present and other data. is that the onset of the 
anharmonic protein motion takes place at a temperature, 
determined either by the solvent or by the protein, being 
governed by the component having the higher transition 
temperature. According to this scenario, the solvent would 
drive the transition in the pure D 20 solution whereas the 
protein would drive it in the 70% CD,OD/30% HiO system, 
for which in the absence of protein the solvent melts at about 
190 K whereas the onset of anharmonicity is seen at =230-240 
K- For the other mixed solvent systems, the protein and solvent 
transition temperatures would essentially coincide. This ex­
planation is consistent with molecular dynamics simulations of 
isolated myoglobin, for which an intrinsic protein dynamic 
transition was seen at -220 K (50) and is also in agreement 
with the "protein cold/solvent hot" and "protein hot/solvent 
cold" results in the recent molecular dynamics simulations of 
hydrated myoglobin by Vitkup el al. (36). 

In the future, it will be important to determine the time scale 
dependence of the solvent influence on dynamic transition 
behavior. Although it is shown here that the phase transition 
behavior of xylanase in 70% CD,OD/30% OiO is decoupled 
from the picosecond dynamic transition behavior, it is likely to 
be coupled to slower motions. Furthermore, because the time 
scale accessed in the present experiments is also well sampled 
with modern computer power in molecular dynamics simulation, 
this computational technique can in principle be used to obtain 
a detailed decomposition of the dynamic transition behavior 
revealed here. 
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Appendix C 
My contribution to this work included all the enzymology, including the 

determination of the temperature dependence of glutamate dehydrogenase activity 

in perdeuterated cryosolvents, and a share in the preparation of the manuscript. 

The glutamate dehydrogenase enzymology studies were conducted as part of my 

Masters research. 
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Enzyme Dynamics and Activity: Time-Scale Dependence of Dynamical 
Transitions in Glutamate Dehydrogenase Solution 

Roy M. Daniel," John L Anney,• Val6rfe R6at,•·Rachel Dunn," Michel Ferrand,• and Jeremy C. Smith, 
"Department of Biological Sciences, The Unlwnllty or Waikato, H1mDton, New ZNland; •0epa,tment of Physics and ~. 
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ABS~CT We have examined the temperature dependence of motions In a cryosolutlon of the enzyme · glutamate 
dehydrogfJl'lase (GDH) and compared these with activity. Dynamic neutron scattering was performed with two Instruments of 
different energy resolution, permitting the separate determination of the average dynamical mean squire displacements on 
the aub--100 ps and aub--5 ns time scales. The results demonstrate a marked dependence on the time scale of the 
temperature profile of the mean square displacement. The lowest temperature at which anharmonlc moUon la obeerved Is 
heavily dependent on the time window of the Instrument used to observe the dynamics. Se.veral dynamical transitions 
~nflexlons of the mean squared displacement) are observed In the slower dynamics. Comparison with the temperature profile 
of the activity of the enzyme In the same solvent reveals dynamical transitions that have no effect on GOH function. 

INTRODUCTION 

It is generally accepted that enzymes require internal flex­
ibility for catalytic activity (e.g., Frauenfelder, 1989). How­
ever, which motions are required is not yet well understood. 
Of particular interest is the role in activity of the fast (e.g., 
picosecond and nanosecond time scale) structural fluctua­
tions that are probed by molecular dynamics simulations. 
An important question is whether these fast motions are 
coupled to the stiuctural changes associated with the cata­
lytic rate-limiting step, which itself may take place on time 
scales several orders of magnitude slower. One important · 
question that can be and bu been addressed is whether the 
fut motions need to be anhannonic for protein function. 
This might be the cue if, for example, picosecond-nano­
second motions involve rearrangements of the protein that 
are required to permit slow dynamics acroas the highest-
energy reaction barrier. · 

In this conlext it is of interest that a variety of techniques 
have shown a temperature-dependent transition in the dy­
namic behavior of hydrated proteins at -200-2201(, in­
volving cessation of anhannonic motion below thiJ temper­
ature. Much of this work has been done on myoglobin with 
Mossbauer spectroacopy (ICeller and Debrunner, 1980; 
Paralt et al., 1982; Knapp et al., 1982), neulrOn scattering 
(Doster et al., 1989; Cusack and Doster, 1990), or x-ray 
crystallography (Frauenfelder et al., 1979) of hydrated crys­
tals, powders, or frozen solutions, but similar results have 
been found in x-ray crystallographic studies of ribonuclease 
A (Tilton et al., 1992) and in Mossbauer (Pal1k et al., 1980) 
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and neutron scattering (Perralld ct al., 1993) studies of 
membrane proteins. Some protein functions have been ob­
served to cease with the loss of equilibrium enharmonic 
dynamics as the prolein is cooled through the dynamic 
transition. Among these are electron tunneling in Rho­
dospirullum n,brwn cbromatophores (Paralt et ii., 1980), 
some elements of the photocycle of bacteriorhodopsin in 
hydrated membranes of Halobactrri,un salinarum (Ferrand 
et al., 1993), and ligand binding/release in ribonucleasc A 
crystals (Rassmussen et al., 1992). 

Motions in proteins are known to exist over a range of 
time scales. All important remaining issue then is the time 
scale dependence of the dynamical transition. Whether there 
is a time scale dependence depends on the nature of the 
underlying potential surface. The first parallel studies of 
enzyme activity and dynamics, using glutamate dehydrogc­
nue (GOH) in a cryosolution, probed picosecond time scale 
motions. The results showed no deviation from Arrhenius 
behavior through the dynamical transition (Daniel et al., 
1998). These results indicate that there is a range of tem· 
pcratures (190-220K) at which the enzyme rate-limiting 
step does not require, and is not affected by, anbarmonic 
motions taking place on lhe picosecond time scale. 

To further address the time scale problem we have per­
fonned here a study comparing the temperature dependence 
of the activity of GOH with the dynamics of the enzyme 
solution on two different time scales, determined by neutron 
scattering. The experiments make use of the different en­
ergy resolutions of two neutron scattering spectrometers: 
IN16 and IN6 at the Insti"1t Laue-Langevin reactor in 
Grenoble. Whereas IN6 probes motions on time scales 
futer than -100 ps, those detected by IN16 extend to -5 
ns. The experiments were performed over a temperature 
range ex.tending through the previously observed dynamic 
transition, in a 70~ v/v methanol/water cryosolvent in 
which the enzyme is active and stable. 
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Glutamate dehydrogenase is a key enzyme or central 
metabolism. ll catalyzes the reversible conversion of 2-ke­
toglutarate, ammonia, and reduced nicotinamide adenine 
dinuclcotide phosphate (NADP) to glutamate and oxidized 
NADP. The reaction is complex and has multiple steps. 
Kinetic analysis of this enzyme (Hudson and Daniel, 1995) 
suggests the reaction proceeds by a sequential, steady-state, 
random mechanism. At the growth temperature of the 
source organism, Th.ermococcus iilligii strain ANI, 
-350K, the turnover number of the enzyme is -i500 ,-1• 

In fully deuterated cryosolvent at 220K the turnover number 
is -0.01 s - , . For comparison; lhe turnover number of 
lysozyme at room temperature is 0.5 s- 1• The turnover 
number of course applies to the rate-limiting step, and given 
the complexity of the reaction and the necessary rapid 
equilibration of intermediates, some reaction steps will be 
very much faster. 

The results demonstrate a marked dependence on time 
scale of the temperature profile of the mean square displace­
ments. The dynamical transitions occurring within the tem­
perature range for which enzyme activity wu meuured 
have no significant effect on function. 

MATERIALS AND METHODS 

The 1Iutuna1e dchydroscnuc ii from TMmiocomu 11nin ANI (now 
known u T. zilU1ii slnin AN!) (DSM 2770) uul WU purifted, usayed, 
and preplRd for neuavn 1C&t1erin1 u described ebewben: (Hudson et al., 
1993; More ct al., 1996; Daniel er al., 1998). TcmperaturHClivity decer­
minalions wen: carried out ill hydrogcnlled cryosolvent: ilolated derermi­
nations wried out in lbe penleulented (completdy deuterllcd) cryosol­
vent used for the neubOII sclllering experiments, II various tempera!URS, 
showed that Arrhenius behavior (appuaat IClivllioa cnasY) wu UDaf­
fected. At lhe completion or each aeulrOn ICllkria& aperiment lhe activity 
wu wayed to ensure tbll no denaturation had occurred. 

The dynamic neutron scaacrin& meuumneats were performed on the 
IN6 time-of,ffipt apectromclCr and on lhe INl6 ~ spectrom­
eter II the lnstiblt Laue-1.lllpvia, Orcnoble. 1be incident IICU!roa wave-_ 
lenp were 5.12 A. on IN6 and 6.21 A oa INl6. AD data wen: collected 
with the sample holder oriented II 135° relative to lhe incident beam. The 
samples were contained ID aluminum 1111-pllle cells, or 0.3-mm and 
0.5-mm path lea11hs on IN6 and IN 16 respectively. 

Two samples were nm: I) on IN6, 100 ms m1- 1 or enzyme ill 70'll, y/v 
CD30DID20 aolveat, uul 2) on INl6, 56 ms m1-1 or enzyme in 7()'1, Y/v 
CD30DID20 aolveaL The samples were cooled to IOK tbea belled pro­
gressively to 320K over 16-24 h. The --1 traaamissiou were 0.92 
for the IN6 wnple and 0.15 for the INl6 sample. Raw dlla OD lhe two 
inslnllDCDts were comcted ill identical ruhloa. The clutic iDlemity wu 
detennined by intesradal tbe detrctor couat1 ll'W lhe eDerl7 ranse or the 
instrumcatal resolution. The detec111111 were cali1nlcd by IKllllll1izin1 with 
respect to a standard vlllldium 11mplc. 1be cell llCatleriDs wu 111blncted. 
taking illto ICCOWlt atlclWllloa or Che aiqly 1a11er.i beam. F"mally, lhe 
scaneriag - normal.izcd with respect to lbe sclllerin1 II lbe lowest 
measured remperature, BOK. and to the lowest wavevector, q. 

The elutic incoberelll IC&llerin& intnsity S..(q, ., • 0) (wbere q ii the 
magnitude or the ac1trerin1 wave vector and ., is the eneru tnnsfer) wu 
used to obwa (u2) by usin1 the relationship Ins ... (q, "' • 0) • -(u2)q2/3, 
wlucb is valid in tbe regime q2 (u2)13 < I. (ir) wu thus abwaed by fitting 
a 1tnip11 line to I semiloe plot or S(q, ., • 0) venus q2 in the lillUI" 
regime, wluch wu found II 0.12 A -2 < q2 < 1.07 J,.-2 and 0.10},. - 2 < 
q2 < 1.13 J,.-2 in the IN6 and INl6 experiments, respectively. The linear 
regime wu found 10 be well separated from the Bnu sc111erin1 or the 
solulion, which was found II l .4 A - 1 < q < 2.0 A - •, and no evidence wu 

found for a low-q prolein-protein interaction peak. As the scanering wu 
normalized widl respect to the SOK intensities, the (u2) dctennined is equal 
to ((u2),. - (u2)..,), where (u2),. is the absolute mean square displaccmen~ 
al lemperalllre T. In practice, the measured (•2) conesponds to the H IIOms, 

the scatterin1 c~ section or which is suon1ly dominant For the samples 
used on IN 16 and IN6, 7()'1, and 8~ or the incoherent 1i1nal are due to 
the enzyme, respectively. The (u2) values obtained for these samples are 
then:fore dominated by lhe en&yme motions. The eneru resolution or IN 115 
is I ~V. whereu 11111 of IN6 ii 50 p.eV. lhe invenes of these enersy 
resolutions conespond to times or Sm and 100 ps, respectively. 

Tbe quuielutic scatterin& experiment wu run on INl6, using 60 m1 
1111-1 or enzyme in 70,. v/v CD30D/D20 solvent 01111 were collected 
clurins heati111 hom BOK, usina the same proceedure u for lhe elutic 
scam, and durin1 coolin1 from 320K over 16-24 h. No llllistically 
significanl differences were observed between the two sets of d11L Data 
were comcled by normalization or the de1ee1ors wilh Yaaadium aacl 
1ubtnctioa of the empty cell scattering. 

X-ray acaneria1 expcrimeats OD the solvent and solvent plus enzyme 
were carried out on line !U at the Daresbuiy synchrotron radiadon source. 
usi111 a curved imqe-plale detector syslelll. Enzyme concenlrllions and 
cooling and heating mea wuc chosen to match those used la lhe neutron 
ICl!lering experiments. Differential scanain& calorimetry measurements 
were made on samples or tbe 1&111e cOllCCDtnliom durill1 both cooli111 aad 
heating, but with biper ntes of temperature change (10"/min). 

RESULTS AND DISCUSSION 

The elastic incoherent scattering intensities obtained on IN6 
and IN16 for a range of temperatures are shown in Fig. l. 
The fitted straight lines were used to plot (u2) versus tem­
perature in Fig. 2. The upward inflexion of the (u1) from 
(u2) - 0 in Fig. 2 indicates the onset of anharmonic dy­
namics as the temperature is increased. There is a clear 
indication from Fig. 2 of a time scale dependence of this 
dynamical transition. The onset of anharmonic motion oc­
curs at -140K on IN16 (motions <-5 ns) and at -220K 
on IN6 (<-100 ps). In addition to the dynamical tr..nsition 
at -140K., there are inflexions in the IN16 (ii) at -185K, 
-2IOK., and -280K. If one defines a "dynamical transi­
tion" as an inflexion in (ii), then the IN16 profile demon­
strates the presence of four dynamical transitions in the 
sample. The three highest-temperature transitions do not 
correspond to transitions from anharmonic to harmonic 
behavior, but rather to modification of the anharmonic be­
havior itself. 

To investigate whether any of the various transitions in 
Fig. 2 are coupled with changes in solvent behavior, a 
number of supplementary· experiments were perfonned. 
Differential scanning calorimetry (DSC) indicated the pres­
ence of one thermodynamic phase transition, at 180K in the 
pure cryosolvent and 170K in the enzyme/cryosolvent so­
lution. No qualitati.ve differences in behavior were seen 
when the data were gathered during heating rather than 
cooling. The associated exodlermic change is 2.5 times 
smaller for the enzyme/cryosolvent system. Synchrotron 
x-ray diffraction experiments indicate that the 180K tnnsi­
tion in the pure cryosolvent is usociated with the melting of 
one crystalline phase. However, lhe x-ray diffraction pat­
terns obtained from the enzyme/cryosolvent system showed 
no detectable crystallization at any temperature down to 
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l lOK. In contrut, crystallization was visible in neutron 
scattering in the enzyme/solvent system at 170K, as evi­
denced by the appearance of Bragg diffraction at Q > 1.4 
A-1• Moreover, the neutron pcab were found at the same 
d-spacing as those appearing in the 70,. mcthanoVwater 
x-ray diffraction pattern at 180K. The differences between 
the neutron and x-ray diffraction results may be related to 
differences in the um.pie sizes, which arc a few microliten 
for the x-ray experiments, -SO 1,1.1 for the DSC, and a few 
milliliters for the neutron scattering. It is therefore poasible 
that the DSC phase transition at 170K and the discontinuity 
observed at 18SK in the temperature profile of the IN 16 (u2) 
arc associated with the melting of one component of the 
cryosolvenL However, no features are found in either the 
x-ray or DSC results that accompany either of the dynam­
ical transitions at 140K or at 210K. We therefore conclude 
that these two transitions arc not correlated with detectable 
structural or lhcrmodynamic changes in the cryosolvcnL 

To verify the dynamic origin of the observed transitions, 
additional experiments were performed to detect associated 
changes in qu1Sielutic neutron scattering on IN 16. 
Quasiel1Stic scattering, which is visible IS a broadening 
under the elastic peak, arises from the presence of nonvi-
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brational motion in the sample, such IS jump or continuous 
diffusion (Bee, 1988). In favorable cases quuiclastic ,scat­
tering can be analyzed to give details on the geometries and 
time scales of the contributing motions. Here, however, the 
counting statistics were found to be insufficient for such an 
analysis. Rather, the presence of a qualitative change in the 
quasielastic scattering was used to confirm that the origin of 
the JNI 6 scattering changes in Fig. 2 ue indeed dynamic. 
Measured spectra are praeoted in F11. 3. At 130K the fonn 
of the spectrum is essentially that of the vanadium control. 
~ vanacliwn is a pure elastic scatterer, Ibis indicates that no 
quasiel1Stic scatterin1 and hence no diffusive dynamics are 
present. Quuielutic scattering appears between 130K and 
170, and intensifies bctwccn 170K and 190K and again 
between 190K and 210K. These results arc consistent with 
the positions of the dynamical transitions in the IN16 (u2) 

data in Fig. 2. From 225K ld'290K little change is seen in 
the qu1Sielastic spectrum, again consistent with the behav­
ior of (u2) in Fig. 2. The quasielutic scattering data confirm 
the IN16 (112) transitions at -140K, -210K, and -280K u 
arising from changes in lbe anlwmonic motion in. !he enzyme. 

In previous work on a number of proteins (Keller and 
Debrunner, 1980; Paralt et al., 1982; Knapp et al., 1982; 



Daniel et al., 1999 160 

Daniel et al. Enzyme Dynamical Tl'llll8ltlons 2187 

FIGURE 2 Effect ot 11empen111rc 
on lbe enzyme aclivil)' (ln.r•t B). and 
the dyaamica u measured by neu1n1n 
IC.aerin&, of IIUIUnalle debydn)p­
llUII in CD,ODID20 (70:30). Neu• 
ll'OII ICatllerin1 data are from F11- I. 
Enzyme IClivil)' dala 111'11 from More 
ct al. (1996). 

1.50 

.r 
~ 1.20 

I 0.90 

j 0.60 

I 0.30 

0.00 

A 

I 

OIN6 
•IN16 

70.0 120.0 170.0 220.0 270.0 320.0 

Doster ct al., 1989; Cusack and Doster, 1990; Frauenfelder 
ct al., 1979; Tilton ct al., 1992; Parak et al., 1980; Ferrand 
et al., 1993), a dynamical transition wu observed at various 
temperatures between 170 and 230.K. Moreover, although 
the different techniques used have sonietimes covered dif· 
ferent time scales.' comparison between lhcm, and wilh 
activity, has been hampered by the use of different proteins 
in a variety of physical states. In the experiments pmenled 
here, the use of a consistent method on a single preparation 
reveals a shift of the lowest lrlnSition temperature to lower 
temperatures u the time scale probed increases from ap­
proximately picoseconds to approximately nanoseconds. 
'Ibis effect wu also seen on the same preparation in pre­
liminary meuurements using the IRIS spectrometer at the 
ISIS spallation neutron source in Oxford, which bas an 
energy resolution intermediate between that of IN16 and 
IN6, and resolves motions on the <SOO-ps time scale. The 
lowest IRIS lrlnSition was found at an intermediate temper­
ature, betwccll 150K and 180K (F'mncy and Daniel, 1998). 

Given the direct nature of neutron scattering u a deter­
minant of global protein motions (Smith. 1991) (as com­
pared with Mossbaucr spectroscopy, which examines Fe 
dynamics, and x-ray crystallography, which gives time­
averaged displacements and includes static disorder), the 
conclusion lhat the temperature dependence of the transition 
in average protein motions is time scale dependent can be 
considered to be relatively robust The lowest dynamical 
transition temperature for the present system can therefore 
be seen to be heavily dependent upon lhe instrument time 
scale, rather than occurring at a fixed temperature. As the 
temperature is lowered, the anharmonic motions slow down, 
moving from fast to slow time windows. This qualitative 
effect is consistent with a description of the dynamics 
associated with the lowest transition as essentially activaled, 

Temperature (°K) 

i.e., u involving energy-barrier crossing. A remaining ques­
tion is therefore whether at time scales longer than nano­
seconds the lowest dynamical transition will be found below 
140K, and correspondingly at time scales significantly 
shorter than 10-11 s it will be found above 220K. Within the 
framework of an activated process, the recent simulation 
evidence for the lowering of the dynamical transition tem­
perature in a viral capsid ~ upon l,igand binding 
(Phelps ct al., 1998) could be interpreted u the ligand 
leading to a decrease in the effective associated energy 
burier. 

The amplitude of lhc ilowcr .motions (IN16) remains 
essentially unchanged from 210K to 280K. This surprising 
result is consistent with an effective square-well potential 
over this temperature range. Also of interest is the apparent 
coincidence (to within experimental error) of the IN6 and 
IN16 data points above 280.K. This coincidence between the 
(u2) values above 280K would indicate that the contribution 
to the ovcnll motion at theae higher tempe,atures from 
motions on the time scales intermediate between IN6 and 
IN16 is very small; Le., these intermediate time scale mo­
tions have risen to a peak at -210K (observable by sub­
tracting IN6 (w2} values from IN16 (u2) values) and decline 
steadily to a low value at -280K. This is consistent with the 
conclusion (above) that the dynamic lransition is heavily 
dependent upon ·the.dine scale window of the instrument 
used to observe dynamics, with motion over a given time 
scale progressively replaced bf slower motions u the tem· 
pcrature is lowered. However, it is possible that the IN16 
values are affected by systematic error at high values of 
(u2), possibly wociated with the relatively low correspond­
ing elastic countinJ intensities. Therefore, the approxi­
mately constant (u") between 220K and 280K and the 
coincidence of lhe IN6 and IN16 data above 280K merit 
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fwtbcr confumation. Experimental errors m also probably 
responsible for the absence of I detectable (,,Z) at temper­
atures below the lowest dynamical transition on both instru­
ments: small-amplitude vibrational motions are active in the 
protein at these temperatures. In parallel measurements on 
low hydration samples of ODH, the better llllistlcs of the 
data possible in the absence of excess solvent showed 1 

clear, steady rise in (,il} from the lowat temperature measured. 
The inset to Fig. 2 shows dll1 enzyme activity in lhe 

c:ryosolvent used in the neutron scattering experiments ex­
hibits no dcvialion in Anhenius behavior down to the low­
est temperature at which activity could be measured, 185K. 
Three of the dynamical tnnsitions visible in Fig. 2 occur at 
temperatures significantly abovo 18SK: those at 210K and 
280K on IN16 and at 220IC on IN6. Therefore, these appar· 
ent change, in dynamic behavior have no visible affect on 
activity. Whether the remainin& transitions at lower temper· 
atures (140K and IBSK on IN16) involve the activation of 
dynamics requiRd for function is unknown. 

In considering the significance of the above results it is 
important to usess whelher enzyme structure/activity in the 
cryosolvent is likely to be similar to that in I physiological 
solvent Many studies of protein dynamics have been car­
ried out on hydrated crystals or powders, and there is 
evidence that, given a hydration of >0.2 g H20/g protein, 

many protein properties are close to those in solution (Ru­
pley and Careri, 1991). The present measurements were 
carried out under conditions where enzyme activity can ht 
accurately measured. Oiven the relatively small effect of 
cryosolvent oo·dfe activity of the enzyme and the low water 
activity in the interior of • cell, the physical and functional 
properties of the enzyme in the 709(, methanol cryosolvent 
are likely to be at least as close to those of lhe in vivo 
enzyme as are those dissolved in dilute buffer or as hydrated 
powders. The solvent has little influence on activity or 
stability under the experimental conditions used here. The 
reaction rate in cryosolvent is ·about half the rate in buffer. 
K,,. values are somewhat lower, but these effects are rela­
tively small and wilh appropriate precautions do not affect 
activity detenninations (More et al., 1996). The viscosity of 
the cryosolvent rises by -200-fold between 273K and 188K 
(Weast, 1974), but the decrease in reaction velocity is very 
much greater than this, so that activity does not approach 
diffusion limitation. Full activity was found to be recover­
able after lhe neutron beam experiments. However, solvent 
properties will be expected to wluence the dynamical prop­
erties examined here. An example of this is given in the 
recent work on myoglobin in trehalose, where the protein 
was found to remain approximately harmonic up to room 
temperature (Cordone et al., 1999). The dynamical lranSi· 
lions examined bere might be expected to change with the 
properties of the solvent. Work is in progress to examine 
this point . 

The present results may not be representative of all pro­
teins. Neutron experiments perfonned on bacteriorhodopsin 
(an insoluble, integral membrane protein) ~ hydrated mem­
branes of Halo._bacteriwn salinanun have not detected a 
time dependence of the dynamical transitions (Rut et al., 
1997). Whether the present findings will be generalized to 
olher (water) soluble enzyme classes under the same en-ri­
ronmental conditions remains to be seen. The GDH used 
here is I large, hexameric enzyme from an archeal extreme 
thermophile. It is I good subject for work of this type, being 
stable and active in the cryosolvent over a very wide tem­
perature range, u well as being very soluble. There is no 
evidence that such enzymes in general have systematic 
differences of structure or function from mesophilic or 
noo-archeal organisms; i.e., the difference, between meso­
pbilic and thennophilic enzymes, and between archeal and 
bacterial enzymes are no pater than the differences found 
within each group (Daniel et al., 1997). Specific studies on 
this GDH. including those on Anhenius behavior, have 
shown that it is no more different from olher ODHs than 
these.are from one another (Hudson and Daniel, 1993, 199S; 
Hudson et al., 1993; More et al., 1996), and ODHs are not 
atypical of soluble multisubunit enzymes. We currently 
have no reason to believe that the results reported here will 
not apply to this class of enzymes and possibly also to 
simpler soluble enzymes. A variety of enzymes, including 
xylanase, catalase, alkaline phosphatase (Dunn, Bragger, 
and Daniel, unpublished observations), J3-glucosidase, and 
/3-galactosidase (More et al., 1996) do exhibil straight Ar· 
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rhenius plots t~ below 200K, well below the picosecond 
dynamical transition temperature for GOH. . 

The work described here is the first detennination of the 
global dynamics of an active enzyme over a range of time 
scales, measured under similar conditions. It aeemi likt:ly 
from the present and earlier work (Daniel ct al., 1998) that 
anhannonic fast (ps) time scale motions are not required at 
all temperatures for the enzyme rate-limiting step. There­
fore, anhannonic fast motions are not necessarily coupled to 
the much slower motions describing transitions along the 
enzyme reaction coordinate. However, the neutron tech­
nique used here reveals average dynamics, and it is con­
ceivable that functionally important fast motions may occur 
locally in the protein at the active site, at levels below the 
noise in Fig. 2. 

Glutamate dchydrogcnasc is a multisubunit enzyme cat­
alyzing the interconversion of five reactants by a rather 
complex mechanism (Hudson and Daniel, 1993, 1995). 
Therefore, it is not feasible to relate the global dynamics we 
have described here to clements in the structure critical to 
function or to the rate-limiting step. Clearly more needs to 
be done in combining techniques with which the dynamical 
transitions can be studied. Further work is required to ex­
amine the intramolecular localization of functionally impor­
tant motions. It is encouraging in this respect to sec that 
site-specific labeling studies have recently been shown to be 
successful in dynamic neutron scattcrina studies on proteins 
(Lehnert et al., 1998; Rbt ct al., 1998). Moreover, tech­
niques sensitive to local dynamics, such as optical spectros­
copy, can also provide useful information (Di Pace et al., 
1992; Mclchcrs ct al., 1996). The availability of the crystal 
structure of GDH may also help future work in this regard. 
It is of interest to note that the crystallographic study of a 
related GOH provided evidence for a large relative move­
ment of the two domains between which the active site is 
located, during the catalytic cycle (Baker et al., 1997). 

The results of further investigations can be expected to 
improve our understanding of the relationships between 
protein activity, flexibility, and stability. For example, there 
is a commonly held view that stability is inversely related to 
activity because molecular flexibility is required for activ­
ity, but excessive flexibility tends to be destabilizing (sec 
Daniel ct al., 1997). The recent engineering of subtilisin to 
withstand 100°C with full retention of activity may indicate 
that this principle is not general (Vandcnbrug ct al., 1998). 
Alternatively, a more careful distinction may need to be 
made between the flexibility required for activity (which 
may be local or restricted to particular time scales) and that 
which is likely to affect stability (which is possibly global). 
Clearly, a complete understanding of this and related prob­
lems will require continued investigation into the fonns, 
amplitudes, and time scales of motions involved in enzyme 
catalysis. 
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lhe awud of I James Cook Fellowship ID RMD, and The l!uropean 
Co1111111111lr:y for die awud of a po1ldoctonl fellowship to VR (caner.ct no. 
ERBFMBICI'97559S). 
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Appendix D 
My contribution to this work included all the enzymology, including the 

determination of the temperature dependence of xylanase activity in both 

hydrogenated and perdeuterated cryosolvents. I took the lead role in writing this 

paper. The xylanase cryoenzymology studies were conducted mostly as part of 

my Masters research. 
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Enzyme activity and dynamics : xylanase activity In the absence of fast 
anharmonlc dynamics 
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The activity and dynamica of a limpk, single subunit enzyme, 1he 
xylanue from Tltnmotogo maritima strain Fj ~3B.l have beoD 
measured under limilar conditiom, from - 70 to + 10 •c. The 
internal moliom of the enzyme, u evidenced by neutron 
acattering, undergo a sharp tranllition within thi1 temperature 
range; they ahow no evidcmcc for pic:oaec:ond-timescale ID· 

harmonic behaviour (e.g. local dill'usive motiom or jumps 
between alternative conformations) at temperatures below 

INTRODUCTION 

There is good evidence that most, if not ill, enzymea requue 
molecular Bellibility for function, 11 ii implicit in the concept of 
induced flt (l-5]. The moat direct evidence is the large con­
formational changea which crystallographic 1tudies lhow ac­
campany 1Ubstr1te binding and/or product release in aome 
enzyme, (6,7], and on a 1111aller aca1,c the changes in covilaat 
bond lengths that oa:ur during catilyli, 18i More general 
evidence ama from a variety of atudiea of enzymes from extreme 
thmnophilel that ahow than to be, at any given temperature, 
lea flexible and less active thanemyma frommeaophilel [9-13). 

Proteins exhibit a variety of internal motions, that cover a 
wide nnge of amplitudes (0.01-100 A) and timl!IC&lt.s (10-11 to 
> 1 1) (1,2). Wbich of these II9 essential for enzymatic activity; 
and how theae motiona couple to each other ii not yet known. 
Whil,c it is evident that many of the motiom involved in enzyme 
llexi.bility mllll occur over aborter timelClles than those of the 
enzyme rate-limiting step, the nature of the dynamic changes 
required for catalylli1 ii unclear: for a.ample, whether they are 
local or globil, fall or slow. One poaibility ii that fall, mlill· 
amplitude lluctuatiom of llingle atoms and amino-acid lide­
chains, on 1he picoaecond (10-11 1) and sub-Angstrom time and 
leJlgth acalea, are essential to other motions that occur on 
longer J,cngth acalea, such II nlative motio111 of domains, and 
on phylliological timeacalt.s. The aborter motiom may therefore 
be coupled to the longer ones, serving II the 'lubricant' that 
mam the latter pouible. Thi• idea is comiltcnt with resultl 
that indicate that the tcmpenlUle dependence of the fut 
hydrogen mea11-aquare di1placaneot1 in hydrated myoglobin, 
as obtained by neutron acattering, R1C11Dblca that derived by 
Moubauer apectroacopy, which detect, motiona of the iron atom 
in the haem group on slower timeacalea down to l 0-, 1. Both 
techniques provided evidence for a dynamical transition in myo­
globiu., at about -50 to - 70 •c (14-16). Below this, the protein 
ii relatively solid-like, exhibiting only vibntional, harmonic 

- SO •c, whereas these motions are strongly activated at higher 
temperatures. Tbc activity follows Arrbcniua behaviom over the 
whol,c of 1he temperature range investipted, - 70 to + l O •c. 
The resultl indicate that a temperiture range exists over which 
the enzyme nte-limiting ltep is independent of fast anharmonic 
dynamica. 

K.ey words: cryoenzymology, neutron acattering, thennopbile. 

motion, and above this more liquid-like, anharmonic motion is 
seen, indicating increued flexibility of the protan. The anhar­
monic motion involves the activation of non•ribratioml random 
motion, IUch u jumps between cloaely-related conformations or 
diffusive motion of groups of atoms in effective cages (17]. The 
similarity in the tempenture dependence obtained with the two 
techniq'IICI lead to the 1uggation that 1he picoaecond lluctua lions 
observed with neutron acattering could coupl,c to the haem 
group, and were likely to be an important factor in 1he dower 
motiom reaolved in the Moabauer spectrum (14). 

The dynamical tranllition hu now been observed with a 
number of biophyllical tedmiquea (14-16,13-22), and aome 
protein functiom including ligand binding have been 1hown to 
ceaae at temperatures below the tranllition (21,23,24). The Im­
plication of this ii that llexi.bility at the active site i1 required for 
el!icient 1ubatrate binding and/or protein function. This, and the 
interdependence of the fut and slow motions, is consistent with 
the idea that the fut anharmonic motions are required for 
enzyme activity. If this were the caae we might expect that 
an enzyme would not exhibit catalytic: activity below the 
tnnllition temperature, where these motions are absent However, 
it haa recendy been. shown that glutamate dehydrogenase, a large 
multisubunit enzyme, catalylling a complex reaction, ii active 
below tha dynamical transition (11 evidenced by the ceuation of 
picosec:ond timeecale anharmonic motiom) at -50 •c [22). 
HoweTCr, it ii not cl,cu whether this appliea to all enzymes, and 
in particular whether it appliea to simple, llinglwubunitenzymea, 
for which intenubunit motions play no role. In the present work 
thi1 question ii addreued. We report here the result of the 
concomitant determination of the activity and dynamicl of a 
single-1ubunit enzyme, a xylanue, catalylling a relatively simple 
hydrolytic reaction. The activity detenninatiom were carried out 
over the temperature range of + 10 to - 70 •c, in a 70 % (v /v) 
methanol cryoaolvent. The dynamica were detenniDed in the 
same solvent by elutic neutron acattering, giving the average 
dynamical mean squlI9 displacement in the solution over time-

1 To whom corrupondance lhould be addr-d (a-mall r.danlal@walkalo.ac.nz). 
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scales ofup to approx. 100 ps. The results thus enable the direct 
carrels tion of xylanaae activity with fast dynamics ov« a wide 
tanperatme range. It is found that a tmlperature range exists in 
which the enzyme nte-limiting step is independent of the f,st 
anharmonic dynamics. 

EXPERIMENTAL 

Mat1rlll1 
The xylanue was obtained from an E.,dreri&/tfa coli clone 
containing the gene from the extremely thamophilic bacterium, 
Tltmnotoga maritima ltrain FjSS3-B.l [2S,26). The E. coli clone 
wu grown on Luria broth media, with 50 mg/1 ampicillin for the 
initial inoculum, at pH 7.0. It was grown II a batch-fed culture, 
in a 10 1 fermenter at 28 •c. Xylanue production wu induced at 
the end of the logarithmic growth phase by raising the temper­
ature to 31 •c Further nutrients were also added at the time of 
induction. The cells were then harvested at the end oftlle eecond 
logarithmic growth phase (approx. 12-18 h after induction). The 
xylanaae was purified II described by Bt:rgquiat et al (26). 
The cells were concentrated by hollow fibre filtration, c:olletted by 
centrifugation at 150001 and washed, recentrifuaed, and re­
nspended in Bia-Tris buffer at pH 7.0. The aolution wu then 
taken through two freezo..dlaw cyclu to help lyse the cells, 
followed by sonication for 15 min, on ice. The cell debris was 
removed by centrifugation at 150001 for 30min. DNase is 
added to the supernatant, and the solution stirred for 3 h at 
37 •c 'The supernatant w11 heat treated at 75 •c for 30 min, and 
allowed to stand at 4 •c for 2-3 days, to ensure complete 
precipitation of the denatured protein. The resulting precipitate 
was ranoved by centrifugation at 15 000 I for 60 min. Ammon­
ium sulphate was then added to a concmtration of 1 M. The 
protein solution wu loaded onto Phmyl Sepharose, and the 
xylanaae eluted by a linsJo-atep gndient to water. The ammonium 
sulphate wu rcmoffll from the eluted xylanase by filtration 
on an Amicon ultrafiltntion cell, with a YM3 membnne and 
equi]ibnted with Bis-Tris bufl'er at pH 6. 7 to a salt concentration 
of 1pp1ox: 20 DIM In dJe 111ne uluidttliativu cell. The pomn 
solution waa then loaded on to Fast Flow Q-Sepharoae, and 
eluted with 150 mM NaC in Bis-Tris bull"er at pH 6.7. The 
eluted xylanase was then dialyled against 10 mM Mes bull'er at 
pH 5.3, loaded on to high load S-Sepharoae column, and eluted 
with a linear gradient of 1-100 mM NaC. From a 10 l fermenter 
cultwe, approx. 100 mg of purified xylanue wa1 obtained. 

Alaya 
Xylanase activity was routinely uaayed by measuring the releue 
of nitrophenol from i>-Ditrophenyl-p-o-xyloside at 80 •c, for 
10 min. The reaction mixture contained 10 mM o-nitrophenyl-P­
D-xyloside, 0.1 M sodium acetate/acetic acid buffer, PH.. 5.5, 
and 0.14-5 p.g of enzyme, in a total auay volume of 100 pl. The 
reaction waa ltopped by the addition of 500 p.l of iCM:Old 1 M 
IOdium carbonate, and the ablorbance at 420 nm rad. 

In the ayoaolvent, 70% (v/v) methanol, uaay1 were carried 
out at tanperatnres of 10 •c and below. Sodium acetate/acetic 
acid bufl'ers, giving a final PX.. of approx. S.4 at the a111y 
temperature, were uaed 127). lbe total uaay volume wu 100 p.1. 
with the enzyme 1olution and 0.1 M ,odium acetate/acetic acid 
bufl'ermaking up 30% ofthil. The subltrste, o-nitrophenyl-P-D­
xyloaide, wa1 diasolved in the miscible organic aolvent. The 
assays were l1arted by the addition of the enzyme, cooled to 
the a .. y tanperatun. For a111y tcmperatuiel below O •c, the 
enzyme wa1 diuolved in the ayosolvent to prevent freezing 
upon addition to the cooled auay aolution. 
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The reaction wu atopped by the addition of 500 pl of precooled 
ethanolamine/DMSO/water (3:S:2; by vol.). At tanperatuies 
between O •c and - 50 •c, the assays were cooled to at least 
10 •c below the uaay te:mpenture before the addition of the 
stopping reagent For auaya at -50 •c and below, the usay 
tubes were immersed in liquid nitrogen to ensure efficient 
atopping of activity. The auay tubes were allowed to gndually 
warm, after thorougb mwng with the stopping reagent below 
the UAY temperatme. The absorbanoe at 420 mn wa1 read once 
the u11y1 had warmed to room tanperatun. Control meu­
unments were IDlde in the absence of enzyme to acc:ount for any 
background absorbance of the substrate and aolvents. 

For the conaponding deuterated aolvent asaays, deuterium 
olide replaced water, and CD10D replaced CH.OH, througbout 
The pD of tho bull'er solution was checked with a c:onvcmtional 
pH meter, calibrated with aqueous bufl'en, using the relationship 
pD .. p8-,+0.4 units (28). 

For uaay tcmpentures above -60 •c, a methanol bath cooled 
by a Flai Cool Immersion Cooler (FTS SyaWIII) wa1 used. For 
- 70 "C an ultra deep freeze wu UICd to incubate the usay1. 

NM'on IC8ltng 

The dynamic neutron acattering measurements were curled out 
on the IN6 time-of-light 1pectrometr.r at the lnltitut Laue­
Langevin, Grenoble. The energy resolution of IN6 ia 50 ~v. 
which allow• determination of the average dynamical mean­
lQ.lllre di1placements of the enzyme protom over timescales of 
up to approx. 100 ps. To minimize the contribution of the 
aolvent to the scattering, fully deuterated solvent, were used. 
Exchange of labile enzyme protona was canied out by twice 
disaolving the xylanue in warm D10 and f~g to ensure 
no exchange toot place during neutron 1C1ttering. The samplea 
were contained in aluminium flat plate ceUa of O. 7 mm thictnea,, 
and wen, oriented at 135• with respect to the incident neutron 
beam. The incident neutron wavelmgth was 5.12 A. The sample 
conai8ted of 68mg/ml :xylanase in 70% (v/v) CD10D/D10 
GSJ8IOJ.t.at.. 

The aample w11 cooled to -163 •c and then heated pro­
gressively, with elastic ,cm data measurement, taken at tan­
perature intervall of 1 o• or 20" up to 30 "C. The meuured 
tnmmiuion wu 0.891. R.aw data were corrected to determine 
the elastic intensity by integnting the detector counta over the 
energy range of the instrumental resolution. The detcc:ton were 
calibrated by normalizing with respect to a standanl vanadium 
,ample. The c:ell scattering wu subtracted, taking into account 
1he attenuation of the lingly scattered beam. Finally, the 
scattering waa nonnabed with respect to the scattering at 
the lowest mearared temperature, -163 •c. 

The meuured scattering containa a contribution from the 
protein hydrogen atclml, and also a contribution of similar 
magnitude from self-coherent scattering Cram the aolvent Tho 
mean-tquare diaplac:anent derived is therefore approximately 
equivalmt to averaging over the elastic 1C1ttering from both the 
aolvent and protein. The incoherent acattering frcm hydrogen 
atoma, due to aelf-c:orrelatiom in their dynamic:a, is a ligniflcant 
component of the neutron scattering from proteina. ~ the 
hydrogen atoma are uniformly distributed ov« tho macro­
molecule, the technique gives a global view of protein dynamics 
(29). The elulic 1e1ttoring intensity S(f,"' ... 0) (where f ia the 
IDlgnitude of the acattering wave vector, and III is the energy 
transfer) is then ued to obtain the avenge mean square 
diaplaocment (u1), using the relationship 1n S(9, 111 • 0) .. - (u') 
f1/3, which i1 valid in the regime 91(u')/3 < 1. (u') was thus 
obtained by fitting I ltraight line to a llC:mi-loaplot of S(f,"' .. 0) 
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venusq1 inthelinearregimewhichwaafoundat0.12 < ,t < 1.06. 
A3 the scattering is normalised with reapect to the -163 •c 
intemitim, the (rf) determined i, equal to ((11')T-(111)_11.), 
where (111)T is the ablolute mean-aquare displac:cment at u;in­
perature T. The (u1 ) obtained by d)'DUDic neutron 1CBttering is 
purely dynamical and, Ulllilte crystallographic atomic displlce­
ments, does not contain a static disorder contribution. 

RESULTS AND DISCUSSION 

To ensure valid mea11Ure1Dent of aclivity at low tmnperatures in 
cryosolvent, a number of preliminary experiments were carried 
out. The stability of the xylanue in the 70% methanol cryo­
solvent was determined by incubation in the cryosolvent at O •c 
ovar a 12-h period, with aliquota removed and aasayed at various 
time intervall. Tbe remaining activity, aasayed at BO •c in an 
aqueous bu.trer, allowed no lignilcant dec:reaae over the 12-h 
period, and wu the same II that ·obtained for xylaD11e not 
expoaed to the cryosolvcnt. 

To ensure that substrate did not become limiting, X.. and v _ 
determinations were carried out in cryosolvmt at temperatures 
down to - 30 •c. A3 found for other enzymes (30) the K. 
decreued with umperature (raults not shown). 

Figure I lhow, the ell'ect of temperature on xylanue activity 
in both hydrogenated and fully deuteratod cryosol~nt, over the 
tanperature range or + 10 to - 70 •c. From the limilarity or 
the data,itdoea not appear that the catalytic activity ofxylanueis 
significantly aJl'ected by deutc:rated solvents. The Arrhenius plots 
are essentially linear for both the hydrogenated and deutcrated 
cryosolvents. This indicates that the rate-limiting 11ep remains 
the aame, md sugpsts that thecatalylic mechanism is unc:hanged, 
as the temperature is lowered. >.. the temperature is reduced 
Crom O •c to - 70 •c the activity declines by about S ordm of 
magnitude. ID compariaon, the viscosity of the cryosolvent 
declinea by leas than 2 omen of magnitude. >.. the diffilsion 
coeflicient or a solute ii invenely proportional to the viscosity of 
the aolution, this implies that the activity or the xylanase is not 
likely to be dill'usion limited at any temperature studied here. 
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The dynamic results from the neutron scattering study of 
xylanaae an 1hown iD Figure 2, expressed 11 (u1) as a function 
of tcmpenture. The (u1) values are 1CB1ed to zero at T 
= -163 •c, the lowest tmlpcrature med in the experiment. For 
Tc.- 70 •c, (u1) remains at zero within experimental error: any 
anall increase in (u1 ) over thil range due to the incresae with 
temperature of the amplitude of the harmonic vibrations is likely 
to be below the experimental error. At approL -SO "Cthere is 
a dynamical transition, at which (u1) begins to rile rapidly, 
indicating the activation or lllharmoaic: dynamics. ID com­
parison, in the activity data there is no corraponding transition, 
the Arrhenius plot remaining linear down to at least T = - 70 •c. 

The results iD Figures 1 and 2 throw light on the relltiomhip 
between Cut, picosec:ond motiom, IDd enzyme activity. The 
,lowest step in the catalytic cycle of the xylanase is the rate­
limiting step, IDd can be mtpressed u the reciprocal of the 
turnover number. For the xylanase, the timescale of the rate­
limiting step is approL 1 1 at O •c and this increuel by at least 
3 orden of magnitude at -SO •c. The mecbanilm of xylanase 
action involvea multiple lllepl [31 ), including rapid equilibration 
of int.ermediltea, and the c:roaing of each associated energy 
barrier may require one or more dymmical modes on the 
RCODds/milliseconds timescale, at -SO •c. This is several orders 
or magnitude alower than the l 00 ps dymmic motions being 
obaerved by neutron 11C1ttering. The abaence of a transition in 
the activity data correaponding to the obecned transition in the 
dynamic data at -SO -Callows that over the temperature rmge 
- SO to - 70 •c picoaecond. anharmonic dynamics an not 
required for acti~ty (whether thil applies at higher tempentures 
is an open question). Therefore, anharmonic fast motions are not 
necessarily coupled to the conformational transitions involved in 
the enzyme reaction, i.e. to the much slower motions required 
for burier-croaing tramitions alon.g the enzyme reaction coor­
dinate. Howewr, thil conclusion should be tempered by con­
sideration of the ~tal error iD (u1) in Figure 2, which is 
of the order of O.OS A•. ~ (111) obtained by the neutron 
technique is averaged over the sample, it is conceivable that 
functiollllly important fast anharmonic motions may be acti­
vated locally at the active lite, at levels below the noise iD 
Figure 2. 

1be xyluwe used in this work is a very stable enzyme from an 
extreme thermophile (26,32], chosen to ensure stability iD the 
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cryosolvcmt There is no indication that deuterated or DOD­

deuterated cryosolvmt bas a significant efl'ect on the xylanue 
activity or stability. While it is not pouible to compue the 
dynamica of the cmyme in cryoaolvent with that in ~uequs 
bu.frerbelow O •c, its dynamic behaviour asevidenced by neutron 
1e1ttering is similar in a variety of different cryoaolvents below 
0 •c, iDclwling 40 % methanol and 40 and 80 % DMSO 
(R. V. Dann, V. Reat, J. F'mney, M. Ferrand, J. C. Smith and 
R. M. Daniel, unpubliahed work). The c:nzyme itself' ii not 
atypical (26), and there is already evidence that thermopbilic and 
mesophilic enzymes beba ve limilul.y at their respecti -ve optimlDD. 
tcmperatura in terms of their slobal dyumics and cryoen­
zymology (22,30). Similar nsu1tl to thOIO obtained for xylanue 
have been oblerval for the multi-subunit protein glutamate 
dchydrogenue. That ii, Arrhenius plots showed no break 
through the temperature of the picosecond dynamic transition 
(22,30). The xylanue ii a linp subunit enzyme that catalyses a 
aimple hydrolytic Raction, whereas the glutamate dehydroaenue 
is a multi-tubunit enzyme that catalJIOI a canplex multi­
substrate reaction. The observation that theae two dissimilar 
enzymes both show an independence of anlwmoni.c picosecond 
dynamicl for activity sugelll that this llndiDg may be applicable 
to enzymes aenerally. This would be cOlllistent with the finding 
that the activity of two other multi-1\lbunit enzymes, calf 
intestinal alkaline pholpbatue, and beef liver catalase, have been 
measured down to approx. -100 •c (J. Bragger, R.. V. Dunn 
and R.. M. Daniel, unpublished work}, without any Arrhenius 
plot break, although the correaponding dynamical me11111'mlents 
for thae enzymes have not yet been perfonned. 

Recent dynamic measuranents on glutamate dehydrogenue 
over slower, nanD8CICOlld, timescales haw shown dynamical 
transitions occurring at ligmicandy lower tempcratma than 
observed !me, leading to the ,ugestion that the temperature of 
the dynamic tnmition ii dependant on the timeacale of the 
experimcmtsl technique (33). AJ a corollary, it is confirmation of 
the idea that the anharmonic behaviour of an enzyme i1 limescale­
dependcmt, and that anbannonic motiom on timescales dower 
than piC01eCOnds (e.g. functionally important dynamics) can 
occur in the abtence of anlwmonic picosecond motions. Thia 
latest flndin1 has not yet been probal with other enzymes, but 
1uggeat1 that a way forward to undentanding the relationship 
between enzyme dynamics and activity b to measure dynamical 
transition behaviour on a variety of timacales, and, as in the 
present work, to compare the n,aults with activity deteminationa 
made under limi1ar conditions. A variety of techoiques out for 
probing longer-timescale protein dynamics (1), including NMR., 
Moubauer and ftuorescenc:ie 1pectroscopi111, neutron spin-echo 
(34) and molecular dynamics aimulation, the latter technique 
now being feuible up to themicroaecond timelcale (3S]. Although 
each of tla9le techniques preaenta particular difliculliea, overall 
prospecta for examining enzyme motions on longer timeacales 
are encouraging. 
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