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Structural characterization of protein–denaturant interactions:
crystal structures of hen egg-white lysozyme in complex with
DMSO and guanidinium chloride

Shekhar C.Mande1 and M.Elizabeth Sobhia2 in the past on protein co-solvent interactions (Buck, 1998), it
is uncertain at present whether the effect of denaturants on

Institute of Microbial Technology, Sector 39-A, Chandigarh 160 036, proteins can be described as ligand binding (Tanford, 1968),India
or alternatively can be depicted as a macroscopic phenomenon

1To whom correspondence should be addressed (Breslow and Guo, 1990). Evidence for the former has been
Email: shekhar@bragg.imtech.ernet.in presented through crystallographic and calorimetric studies
2Present address: National Institute of Pharmaceutical Education and (Makhatadze and Privalov, 1992; Thayer et al., 1993), while
Research, SAS Nagar, Punjab, India the latter has been suggested by studying solvent behaviour in

high concentrations of denaturants (Breslow and Guo, 1990).A variety of physico-chemical methods employ chemical
X-Ray crystallography offers itself as a useful technique todenaturants to unfold proteins, and study different bio-
address these questions if unfolding is described throughphysical processes involved therein. Chemical denaturants
the protein–ligand interaction model. Although it may beare believed to induce unfolding by stabilizing the unfolded
impossible to crystallize proteins in their denatured state duestate of proteins over the folded state, either macro-
to the inherent conformational heterogeneity, effortsscopically or through specific interactions. In order to
are consistently being made to visualize protein–denaturantcharacterize the nature of specific interactions between
interactions at the onset of the denaturation process (Pikeproteins and denaturants, we have solved crystal structures
and Acharya, 1994; Dunbar et al., 1997; Ratnaparkhi andof hen egg-white lysozyme complexed with denaturants, and
Varadarajan, 1997).report here dimethyl sulfoxide and guanidinium chloride

Hen egg-white lysozyme (HEWL) is an attractive proteincomplexes. The dimethyl sulfoxide molecules and guani-
to address structural questions due its large availability anddinium ions were seen to bind the protein at specific sites
ease of crystallization. Crystallographic structures of HEWLand were involved in characteristic interactions. They share
have been utilized in the past to understand several chemicala major binding site between them, the C site in the
and biophysical effects on protein structure; for instance, effectsugar binding cleft of the enzyme. Although the overall
of high pressure (Kundrot and Richards, 1987), effect of lowconformations of the complexes were very similar to the
temperatures (Young et al., 1994), effect of low environmentalnative structure, spectacular conformational changes were
humidity (Kodandapani et al., 1990) and interaction of dyesseen to occur locally. Temperature factors were also seen
and other organic compounds with proteins (Lehmann et al.,to drop dramatically in the local regions close to the
1985; Madhusudan and Vijayan, 1992; Liepinsh and Otting,denaturant binding sites. An interesting observation of
1997; Buck, 1998), etc. It is therefore no surprise that thethe present study was the generation of a sodium ion
earliest studies of visualization of interaction between denatur-binding site in hen egg-white lysozyme in the presence
ants and proteins were also done using HEWL as the modelof denaturants, which was hitherto unknown in any of the
protein (Snape et al., 1974).other lysozyme structures solved so far. Loss of some of

Apart from the extensive knowledge gained using its struc-the crucial side chain–main chain interactions may form
ture, HEWL has also been a model protein of choice forthe initial events in lysozyme unfolding.
several physico-chemical studies related to protein folding.Keywords: denaturant/DMSO/guanidine chloride/hen egg-
Many experimental and theoretical studies carried out onwhite lysozyme/sodium ion
HEWL have yielded answers to the nature of its collapsed
state, pathways undertaken to achieve the final folded form
and the late stages of protein folding (Dobson et al., 1994).Introduction
These studies have indicated that the final packing of side

Chemical denaturation of proteins is frequently used as a chains and the sacrifice in conformational entropy is achieved
model technique to understand various aspects of protein only in the final stages of folding of HEWL. Thus, an important
folding. Among many others, such studies give insights into lesson from these studies has been that the rate of folding
the stability of proteins, nature of their unfolded state, folding appears to be limited by the rearrangements of native-like
pathways, etc. The denaturants serve as a useful tool to conformational states to the native structure, rather than
address these important questions, although whether one can exploring the entire conformational space available for the
extrapolate direct conclusions from these studies to in-vivo polypeptide to the fold (Dobson et al., 1994). We therefore
situations remains a topic of considerable debate. Some of chose HEWL as a model to study protein–denaturant inter-
the commonly used denaturants, such as urea, guanidinium actions, and report here its complexes with DMSO and GnCl.
chloride (GnCl), dimethyl sulfoxide (DMSO), etc., are believed
to unfold proteins by interfering with the molecular interactions Materials and methods
that stabilize the folded form of proteins (Thayer et al., 1993).

CrystallizationsA detailed molecular view of how the denaturants may actually
induce unfolding of proteins is however yet to emerge. Hen egg-white lysozyme, obtained commercially from Sigma,

was crystallized using minor modifications of the well knownAlthough a significant amount of work has been carried out
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Table II. The final refinement statisticsTable I. Crystal parameters and data collection statistics

DMSO GnCl DMSO GnCl
complex complexcomplex complex

a 79.5 79.4 Number of reflections used in refinement 6226 5803
Number of reflections for evaluation of Rfree 302 284b 79.5 79.4

c 37.9 37.8 Resolution (Å) 31.5–2.2 39.7–2.2
Number of atoms:Maximum resolution (Å) 2.2 2.2

Overall Rmerge 0.110 0.095 protein 1014 1001
water 63 64Rmerge last shell (2.28–2.2 Å) 0.271 0.267

Overall completeness (%) 99.6 93.2 sodium ion 1 1
denaturant 8 8Completeness last shell (2.28–2.2 Å) (%) 100 96.8

Final R 0.187 0.191
Final Rfree 0.260 0.264Space group of both the complexes is P43212.
Average B (Å2):

main chain 26.1 20.1conditions in the tetragonal form (Alderton et al., 1945).
side chain 30.7 23.6

During the hanging drop crystallizations, denaturant solutions water 40.0 31.7
were added to the protein drop in increasing concentrations, sodium ion 31.0 13.3

denaturant 42.2 36.0enabling the denaturants to co-crystallize along with the
protein. For the DMSO–lysozyme co-crystals, crystals could
not be obtained beyond 20% (v/v) concentration of DMSO.
Similarly, for the GnCl–lysozyme complex, crystals could not indeed correspond to a water molecule. If this distance was

greater than 3.5 Å, it was not assigned a water position. Thebe obtained in excess of 1.2 M GnCl. The best crystals in
complex with DMSO were obtained using 0.1 M acetate buffer densities for DMSO as well as Gnd ions was modelled only

after a careful inclusion of water molecules. The quality ofat pH 4.6, 16% NaCl and 20% DMSO. The complex crystals
of GnCl and lysozyme were obtained under the optimal the refined structure was assessed using various geometric

criteria as available in the program PROCHECK (Laskowskiconditions of 0.1 M acetate buffer, 12 % NaCl and 1.2 M GnCl.
et al., 1993).Data collection and processing

Three-dimensional diffraction data were collected using an
ResultsMAR imaging plate mounted on a Rigaku rotating anode
Crystallizations and data collectionX-ray generator. The crystal to film distance was maintained

at 150 mm throughout the data collection. Crystals were Crystallizations were set up with the aim of obtaining suitable
crystals with maximum permissible concentration of theexposed to X-rays in an unknown orientation, which was later

identified by autoindexing. Diffraction data were processed denaturants. Although the crystallizations were set up with
increasing concentrations of DMSO and GnCl, good crystalsusing HKL/DENZO suite of programs, and scaled using

SCALEPACK (Otwinowski and Minor, 1997). The final data could be obtained only up to 20% (v/v) DMSO and 1.2 M
GnCl concentrations. At these concentrations of denaturants,collection statistics are shown in Table I. The data are 100

and 93.2% complete to 2.2 Å resolution for the DMSO and the activity of lysozyme is not known to be disrupted. However,
beyond these concentrations of the denaturants, crystals wereGnCl complexes respectively.
either too small, or were not useful for diffraction purposes.Refinement and identification of DMSO and guanidinium
Moreover, the crystals showed a poorer diffraction comparedpositions
with the native lysozyme, which is known to diffract to atSince the crystals did not show large variations in cell
least 1.8 Å resolution under similar conditions. Both thedimensions from the native form, refinement could be
DMSO as well as GnCl complex crystals diffracted only upinitiated without the need of structure solution through
to 2.2 Å resolution. The crystal and diffraction data statisticsmolecular replacement. HEW lysozyme structure refined at
are shown in Table I. Merging R-factors including all reflections2.0 Å resolution (PDB code 2LYM; Kundrot and Richards,
for the DMSO and GnCl data sets were 0.11 and 0.095,1989) was chosen as the starting set of coordinates. Water
respectively.molecules in the initial model were not considered. Program
Progress of refinement and identification of solvent positionsREFMAC (Murshudov et al., 1997) in the CCP4 suite of

programs (CCP4, 1994) was used to refine the coordinates. X-Ray refinement of both the complexes was initiated with
the native structure without consideration of water molecules.Restrained refinement was carried out using a target maximum

likelihood function. Five percent of the total data were set The starting R and Rfree were 0.277 and 0.280, respectively,
for DMSO and 0.300 and 0.294 for the GnCl complexes. Theaside for the calculation of Rfree to monitor the progress of

refinement. Model building and electron density examination final refinement statistics are shown in Table II. The geometry
of the final models was very good as judged by the PROCHECKwas carried out on a Silicon Graphics Indigo2 workstation,

using the O program (Jones et al., 1991). program (Laskowski et al., 1993), with approximately 88%
residues falling within the most favoured regions of theIn the initial stages of refinement, the largest peaks in the

difference Fourier maps were assigned water positions if respective Ramachandran plots (data not shown).
Examination of difference Fourier maps revealed a mainthe corresponding density did not appear to be large enough

to accommodate a DMSO molecule or appear planar to chain disorder at residues Arg73 and Asn74 in the DMSO
complex. The two residues, Arg73 and Asn74, in the DMSOaccommodate a guanidinium (Gnd) ion. Distance from the

centre of the difference electron density to the nearest polar complex were therefore modelled in two alternate conforma-
tions. Interestingly, in the GnCl complex the same residuesatom was also checked to further verify if the density did
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were involved in a main chain peptide flip, thus giving an There are two Gnd ions found in the HEWL–GnCl structure,
as mentioned earlier (Figure 4a and b). Both the Gnd ions areopposite orientation to the Arg73 carbonyl oxygen. A similar

flip has been observed earlier in the urea complex with involved in extensive hydrogen bonding/ionic interactions.
One of the Gnd ions (Gnd1) occupies the same position aslysozyme (Pike and Acharya, 1994). We strongly believe that

the disorder in residues Arg73–Asn74 in the DMSO complex that of the primary DMSO molecule in the C-subsite of the
enzyme. Binding of this Gnd ion mimics binding of theis a result of a dynamical behaviour rather than a static

positional disorder due to its inclination for flipping. acetamido group of N-acetyl sugars in the GlcNAc complexes
with similar chemical interactions (Cheetham et al., 1992).Major considerations for modelling the DMSO and Gnd

densities were based on shapes of the respective molecules in This Gnd ion additionally interplays interestingly with Trp108
forming unique interactions with the π electrons of its sidedifference electron density maps. Moreover, before modelling

the DMSO and Gnd ions, it was ensured that the centre of chain as shown in Figure 4a. These interactions are reminiscent
of the weakly polar interactions observed in protein structuresdifference electron density was farther than 3.5 Å from the

closest polar atom of the protein, or a nearby water, thus ruling (Burley and Petsko, 1988). It also hydrogen bonds with the
main chain N of Asn59 and the carbonyl oxygen of Ala107.out misinterpretation of a water, or a buffer molecule to be a

denaturant molecule. The DMSO molecules could be identified One of the three nitrogens of the Gnd ion interacts with Nε1

of Trp63 through a bridging water molecule. Similar waterunambiguously in the density due to their characteristic shape.
Electron density for both the DMSO molecules exhibited a mediated interaction is also exhibited by the other Gnd ion,

where its two nitrogen atoms are involved in interactions withdistinct asymmetric bulge, making placement of the sulfur
atom easier. Thus, the sulfur atom position was assigned to Arg14 (Figure 4b). The second Gnd ion interacts with the side

chain of His15, and main chain nitrogen of Ile88. Thus, allthe highest electron density in this protrusion. There was,
however, difficulty in positioning the oxygen and the two the nitrogen atoms of the two Gnd ions are involved in

extensive hydrogen bonding interactions, both donating ascarbons of DMSO since there could be three possible orienta-
tion of DMSO in the density. The final orientation was decided well as accepting hydrogen bonds from the protein atoms.

Temperature factors of the two Gnd ions are 35.6 and 36.4 Å2.upon with the consideration of involvement in hydrogen
bonding of its oxygen atom. With these criteria, two positions When compared with the native lysozyme structure in the

primary binding site, i.e. in the C-subsite, the Gnd ion as welleach of the DMSO and Gnd molecules were identified in
the respective complexes. Typical electron densities for the as the DMSO molecule are seen to replace two water molecules.

In the second binding site, the Gnd ion once again replacesdenaturant molecules are shown in Figure 1. In addition to
identifying positions of the solvent atoms, a strong density two water molecules, while the second DMSO molecule

replaces one bound water of the native lysozyme.was attributed to a sodium ion, based on its octahedral
coordination (Figure 2). The final model of the DMSO complex Comparison of conformational features of the two complexes
therefore contained 1014 protein atoms including 13 atoms in with native lysozyme
alternate conformation, 63 waters, one sodium ion and eight

The overall conformations of the two complexes were veryatoms of two DMSO molecules. Similarly, the GnCl complex
similar to the native lysozyme, as anticipated. The r.m.s.structure contained 1001 protein atoms, 64 waters, one sodium
difference calculated using all the main chain as well asion and eight atoms belonging to two Gnd ions.
side chain coordinates, when the respective complexes

Interaction of DMSO and guanidinium ions with lysozyme were superimposed with the native lysozyme, were 0.33 and
0.39 Å for the DMSO and Gnd complex structures respectivelyAs mentioned in the preceding paragraphs, there are two

DMSO binding sites in the HEW lysozyme–DMSO complex (Figure 5a and b). The r.m.s. displacement in temperature
factors was 11.7 and 9.1 Å2, respectively, for the two complexesstructure (Figures 3a and b). The primary binding site occupies

the C-subsite in the binding cleft of lysozyme and is formed when compared with the native structure. At residues 73
and 74, the temperature factors dropped dramatically whenby residues Trp63, Asn59, Ile98, Ala107 and Trp108 (Figure

3a). The oxygen atom of the DMSO forms a bifurcated compared to the native structure (Figure 6a and b). The drop
in temperature factors is significant for the side chains ofhydrogen bond with the main chain N of Asn59 and Nε1 of

Trp63. The sulfur atom position, which could not be located residues 73 and 74, although the main chain also shows notable
ordering. Side chains involved in interactions with denaturantin the neutron diffraction experiments (Lehmann and Stansfield,

1989), unambiguously points away from the protein moiety. molecules also show improvement in B-factors, reinforcing
the interpretation of the denaturant positions.There are extensive van der Waal’s contacts between the

DMSO molecule and residues mentioned above. The binding The most spectacular conformational change that takes place
in the denaturant complexes relates to the peptide flip atof DMSO at this site is identical to that found by neutron

diffraction experiments (Lehmann and Stansfield, 1989) with residue 73. The peptide flips only partially in the DMSO
complex, where it has been modelled with an alternate con-the sulfur atom pointing farther away from the protein moiety.

At the second site, the DMSO molecule is embedded in a formation. Both the conformations are likely to have approxi-
mately equal occupancies since they refine to similar B values.small depression on the surface of lysozyme (Figure 3b). This

binding site is primarily formed by the side chains of Asp119, The flip, however, appears to be complete in the GnCl complex,
where we did not find any trace density for the possibleGln121, Ala122 and Arg125. The oxygen atom of the DMSO

molecule is involved in hydrogen bonding with the guanidinyl alternate conformation in the difference Fourier maps. The
peptide flip results in a change of almost 180° in the mainnitrogen of Arg125. Temperature factors of the second DMSO

molecule (47 Å2) were higher than the first one (37.4 Å2). chain ψ angle of residue Arg73. The [φ] and ψ angles of
residue 73 in the native structure were �100 and �10,Similar to the primary DMSO molecule, the second molecule

also forms extensive van der Waal’s contacts with the side respectively, while these were respectively �101 and 162 in
the DMSO complex, and �106 and 162 in the GnCl complex.chains mentioned above.

135



S.C.Mande and M.E.Sobhia

Fig. 1. Stereo view of (a) DMSO and (b) GnCl electron density at the C-site in the lysozyme cleft. The electron density is plotted at 2σ above the mean level
in the Fo—Fc map.

Fig. 2. Stereo view of the sodium ion binding site. The binding site geometry is identical in both the complexes. In the DMSO complex, however, due to a
disorder in the Arg73—Asn74 residues, and a missing water molecule, the sodium ion is only partially occupied. This figure, as well as Figures 3 and 4, were
produced using MOLSCRIPT (Kraulis, 1991).
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Fig. 3. Binding and interaction of DMSO molecules with HEWL. (a) Stereo view of the primary binding site. The binding of this DMSO molecule is in the
C-subsite of the carbohydrate binding cleft. The sulfur atom points away from the protein moiety, in agreement with the neutron crystallography data
(Lehmann and Stansfield, 1989), but in contrast to the NMR data (Liepinsh and Otting, 1997). (b) Binding of the DMSO in a small cleft on the protein
surface.

The largest shift in side chain coordinates occurs for Ser72 disorder and the peptide flip in Arg73. Side chains involved
in interactions with the denaturants show large deviations inby 1.81 Å in the DMSO complex, and by 1.96 Å in the GnCl

complex. The large shift in Ser72 partly accommodates the both the complexes. The Trp62 side chain also exhibits a large
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Fig. 4. Geometry of guanidinium ion interaction with HEWL. (a) Stereo view of binding in the primary C-site of HEWL. This Gnd ion exhibits interesting
interactions with the π electron cloud of Trp108. (b) Gnd ion binding to His15, Ile88 and water mediated interaction with Arg14.

shift, as has been characteristically observed in lysozyme sugar GnCl complex, and Arg45, Val109 and Arg112 in the DMSO
complex. In the GnCl complex, His15 flips around its χ2complexes (Cheetham et al., 1992). The r.m.s. shift in Trp62

side chain coordinates was 1.21 Å in the DMSO complex, dihedral angle thus giving a 180° opposite orientation to its
imidazole. The imidazole flip is the direct result of a Gnd ionwhile it was 0.73 Å in the GnCl complex.

Some other side chains which exhibit noticeable movement binding, and also produces a small change in the orientation
of the Arg14 side chain. The change in the His15 imidazolein the complex structures include Arg14 and His15 in the
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Fig. 5. R.m.s. displacement of residues from the native structure. Fig. 6. The difference in temperature factors plotted as a function of residue
Displacement for the (a) DMSO and (b) GnCl complexes. In the both the number. Differences for the (a) DMSO and (b) GnCl complexes. In both
figures, the solid line represents displacement of the main chain, while the the figures, the solid line represents the average difference in temperature
dotted line represents the displacement in the side chain. In both the factor for the main chain, while the dotted line represents that for the side
structures, Ser72 exhibits the largest movement in the side chain. chain. The most dramatic difference is observed for residues 72–73, where a

noticeable ordering of the structure is observed.
orientation also leads to a loss of its hydrogen bonding
interactions with residues Thr89 and Ala11. Similarly, in occupied in the guanidinium complex, with a temperature
the DMSO complex, the side chain of Val109 moves to factor of 13.3 Å2 (Table II). Distances between the Na� ions
accommodate a DMSO molecule. The movement in Val109 and ligating oxygens ranged from 2.6 to 2.8 Å. The sodium
further causes a movement in the side chain of Arg112, ion binding site has not been observed in any of the other
breaking its hydrogen bonding interaction with Asn106 (Figure HEWL structures to the best of our knowledge. Its creation is
7). The other major conformational change in the DMSO partly a consequence of the flipping of the 73–74 peptide
complex involves Arg45 side chain and results in the loss of bond. It is interesting to note that even in the urea complex,
hydrogen bonding interactions between Arg45 and a crystal HEWL does not generate a Na� binding site despite flipping
symmetry related Asn44. of the same peptide bond (Pike and Acharya, 1994). Apart
Role of a sodium ion from the main chain peptide flip, since side chain movements,

notably of Ser72, appear to be crucial in creating the Na� ionA novel feature of this study was the identification of a Na�

ion binding site in the lysozyme structure. The overall binding binding site, it may be assumed that conformational change
in the urea complex is not sufficient for the proper binding ofsite geometry of Na� was the same in both of the complexes

(Figure 1). The six ligating atoms are the main chain carbonyl Na�. Alternatively, the sixth ligating water may prove to be
crucial for the generation of a Na� binding site, lack of whichoxygens of residues Ser60, Cys64, Arg73, Oγ of Ser72 side

chain, and two water molecules. However, due to the disorder partially destabilizes the Na� position in the present DMSO
complex.in the main chain at Arg73 in the DMSO complex, the Na�

ion shows only partial occupancy, as evidenced by its higher The Na� ion binds lysozyme in the long loop at the interface
of the α and β domains. The long loop is known to be antemperature factor of 31 Å2 (Table II). Moreover, the sixth

ligating water molecule of the Na� ion was absent in the inherently flexible (Madhusudan and Vijayan, 1991) feature
of the structure. However, in both our complexes the loopDMSO complex. On the other hand, the Na� site was fully
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Fig. 7. Stereo view of the side chain conformational difference induced by DMSO binding. The native structure is shown in thin lines, while the DMSO
complex is shown in thick lines. A movement in Val109 prompts Arg112 to move farther than its native position. This results in the loss of a hydrogen bond
between the Arg112 side chain and the main-chain carbonyl oxygen of Asn106. See text for further details.

conformation is stabilized due to Na� binding as evidenced Arg45 side chain, as observed in the DMSO complex, and the
by a dramatic drop in temperature factors (Figure 6a and b). consequent loss of an intermolecular interaction with Asn44

may suggest that the deterioration in crystal quality was the
Discussion result of conformational changes in the protein. Moreover,

since the crystal quality became progressively poorer withProtein denaturant interactions is an important area of study
higher concentrations of denaturant, and the crystals on whichand their visualization may permit understanding the early
data were collected contained maximum permissible denaturantevents of protein unfolding (Dobson et al., 1994). Some of
concentration, it is tempting to suggest that the disorder maythe earlier studies on crystallographic analysis of protein
be due to increased dynamics.denaturant complexes have identified specific sites on protein

The number of DMSO binding sites observed in our studiessurfaces for the binding of denaturant molecules (Dunbar
were far less than those observed by neutron crystallographyet al., 1997; Ratnaparakhi and Varadarajan, 1997). In
(Lehmann and Stansfield, 1989). This was presumably due toaddition to crystallographic analysis, NMR studies (Neri et al.,
the differences in packing interactions between the tetragonal1992; Liepinsh and Otting, 1997) and calorimetric studies
form used in this study and the triclinic form used in neutron(Makhatadze and Privalov, 1992) have also provided useful
crystallography. As many as four out of the six observedinsights into such interactions.
DMSO molecules located by neutron diffraction were seen toIn the present study, we have attempted to structurally
be involved in crystal contacts. None of these four moleculescharacterize the complexes of HEWL with DMSO and GnCl,
were observed in our structure, thus strongly suggesting thatboth the compounds known to unfold the protein at sufficiently
they indeed non-covalently cross-link the symmetry-relatedhigh concentrations. Some of our observations arising out of
lysozyme molecules in the triclinic crystal form. On the otherthis study are, however, at variance with earlier similar studies
hand, the DMSO binding sites observed in our complexesusing different model proteins. For example, other studies
were not involved in any crystal contacts, and may perhapspoint out the importance of an overall decrease in thermal
represent the natural binding sites of DMSO. It is pertinent toparameters in the presence of denaturants (Pike and Acharya,
note that at least one of the DMSO binding sites observed in1994; Dunbar et al., 1997), whereas in both our complexes
our complex was the same as that seen in the neutron diffractionwe find an increase in the mean B-factors. Unfortunately, since
experiment (Lehmann and Stansfield, 1989).the B-factors represent both static as well as dynamic disorder,

The mean temperature factor deviation from the nativeit is difficult to ascertain at present whether the increase was
lysozyme observed by neutron crystallography in the DMSOdue to the effect of denaturants or not. The absence of
complex does not show as dramatic a change as seen in ourdenaturant binding sites at the crystal packing interfaces
complex. Particularly, the significant temperature factor dropsuggests that the worsening of crystal quality may not be a

consequence of denaturant binding. Large movement in the for residues 72 and 73, as well that for many side chains was
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not seen in the neutron crystallography data. More significantly, loss of side chain–main chain interactions leads to local
unfolding by specific denaturants.the peptide flip which was observed even in the urea complex

(Pike and Acharya, 1994), was not seen in the neutron Our crystallographic analysis of DMSO and GnCl inter-
actions with HEWL thus shows that the denaturants bind in acrystallography data (Lehmann and Stansfield, 1989). Since

the region 65–75 is known to be inherently flexible in the characteristic manner to the protein. Although the overall
temperature factor of the protein appeared to increase, presum-HEWL structure (Madhusudan and Vijayan, 1992), we do not

believe that the flip was due either to crystallization artifacts, ably due to an increased dynamic mobility, there were dramatic
reductions in the mobility in parts of the protein. Both theor to differences in packing interactions.

A novel finding of our study was the generation of a Na� denaturants can induce a Na� binding site in the protein,
although to different extents. It remains to be seen if Na�binding site in the presence of both the denaturants. The

sodium ion enjoys a nearly perfect octahedral coordination in binding is specifically generated for other disruptants of protein
structure.the GnCl complex (Figure 2), while due to its lower occupancy

in the DMSO complex, does not seem to have a sixth liganding
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