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ABSTRACT: Single-crystal neutron diffraction has been used to observe the interactions between deuterated 
ethanol (CD3CD20H) and lysozyme in triclinic crystals of hen egg white lysozyme soaked in 25% (v/v) 
ethanol solutions. A total of 6047 observed reflections to a resolution of 2 A were used, and 13 possible 
ethanol sites were identified. The three highest occupied sites are close to locations for bromoethanol found 
in an earlier study by Yonath et al. [Yonath, A., Podjarny, A., Honig, B., Traub, W., Sielecki, A., Herzberg, 
O., & Moult, J. (1978) Biophys. Struct. Mech. 4 ,  27-36]. Structure refinements including a model for 
the flat solvent lead to a final crystallographic agreement factor of 0.097. Comparison with earlier neutron 
studies on triclinic lysozyme showed that neither the molecular structure nor the thermal motions were affected 
significantly by the ethanol. A detailed analysis of the ethanol-lysozyme contacts showed 61% of these 
to be with hydrophobic sites, in agreement with the dominant hydrophobic nature of ethanol. This, together 
with the fact that the molecular structure of lysozyme is not perturbed, suggests a model for denaturation 
of lysozyme by alcohol, which proceeds via a dehydration of the protein a t  high alcohol concentration. 

M u c h  of the biological activity of proteins takes place in 
contact with aqueous solutions, and the interactions of the 
macromolecule with water and other small molecules have 
therefore been studied extensively. In recent neutron small- 
angle scattering studies of proteins in ethanol-water solutions 
and glycerol-water solutions (Lehmann & Zaccai, 1982), it 
was found that the regions near the molecule from which 
ethanol and glycerol were excluded were quite different for 
the two molecules. For glycerol, the region containing only 
water corresponded to 0.23 f 0.05 g of water/g of protein, 
whereas for ethanol the value was -0.07 f 0.05. The protein 
surface therefore seemed to be equally accessible to ethanol 
and water for the concentrations studied, which were limited 
to 30% (v/v) ethanol. From the small-angle scattering study, 
as from the majority of other studies of solvent-protein in- 
teractions, one obtains no detailed geometrical information. 
It therefore seemed of interest to carry these studies further 
and to determine from a structure analysis of a protein crystal 
soaked in an ethanol solution the possible locations of ethanol. 

Hen egg white lysozyme was used for the study since large 
triclinic crystals can easily be grown, and the structure is 
well-known both from X-ray and neutron diffraction analysis 
(Hodsdon et al., 1975; Mason et al., 1984). Furthermore, 
neutron small-angle scattering studies (M. S .  Lehmann, un- 
published results) have shown that the behavior of lysozyme 
toward ethanol is similar to the behavior found in previous 
studies on other proteins as mentioned above. 

The single-crystal study was done with neutron diffraction 
techniques as it is possible with the right choice of deuterated 
and nondeuterated molecules to accentuate the signal from 
the ethanol molecules. The scattering density of CD3CD20H 
is 0.050 X cm/A3, whereas the scattering density for the 
nondeuterated lysozyme is 0.019 X cm/A3 [scattering 
lengths for the individual species are bH = -0.374, bD = 0.667, 
bc = 0.665, bN = 0.921, bo = 0.581, and bs = 0.285, all in 
units of lo-'' cm (Koester & Rauch, 1981)]. Neutron dif- 
fraction analysis should thus be more effective than X-ray 
analysis, where the corresponding values are 0.27 electron/A3 
for ethanol and 0.43 electron/A3 for protein. Moreover, in 
the neutron case the scattering from the disordered water is 
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approximately zero, whereas the X-ray scattering densities for 
ethanol and water are nearly identical and about 60% of the 
scattering density of the protein. Hence, the neutron dif- 
fraction analysis on a nondeuterated protein with deuterated 
ethanol should be an optimal way of locating the bound ethanol 
molecules. 

EXPERIMENTAL PROCEDURES 
Crystal Growth and Data Recording. Large triclinic single 

crystals of hen egg white lysozyme were grown in 0.05 M 
acetate buffer (pH 4.6) containing 2% NaNO, and 0.5% 
protein. Ethanol 99.3% enriched in deuterium came from 
Service des MolEcules Marqudes, CEA, Gif-sur-Yvette (lot 
6-79). The CD3CD20D was slowly added to the mother liquor 
over a period of 10 days until a volume concentration of 
ethanol of 25% was reached, and the diffraction measurements 
were started 20 days later. The crystal used for the mea- 
surement had a volume of 12.8 mm3, and the approximate 
maximum dimensions along the three axial directions were 3.1, 
4.7, and 2.0 mm. It was mounted in a cryorefrigerator (Al- 
libon et al., 1981) on the diffractometer D8 of the Institut 
Laue-Langevin, and the measurement was carried out at 280 
K, the same temperature at which an earlier experiment on 
nondeuterated native lysozyme, H-TLY (G. J. McIntyre and 
S. A. Mason, unpublished results), had been performed. The 
wavelength used was 1.675 A, and second-order beam con- 
tamination [expressed as p(A/2)/p(A)] was measured to be 
2.3% f 0.1%. The unit cell was determined from the centered 
angles of 55 reflections; the values found were a = 27.332 f 
0.008 A, b = 32.158 f 0.012 A, c = 34.274 f 0.007 A, CY = 
88.34' f 0.02', p = 108.63O f 0.02', and y = 111.80' f 
0.02'. 

To reduce the background due to incoherent scattering of 
hydrogen, the detector aperture was kept to a minimum, and 
scans were made with the w X 0  rather than the conventional 
w-20 scan technique, Le., the detector was moved so that the 
Bragg reflection stayed near the center of the detector. For 
the lowest angle data we used w-0 scans, changing gradually 
to w-20 at the highest measurement angle of 20 = 60'. As 
the detector aperture width was kept constant, at the higher 
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angles the detector diaphragm obscured part of the diffracted 
beam. The intensities were corrected for this by a calibration 
curve based on strong reflections measured with larger 
apertures. The correction was linear with the Bragg angle and 
attained 8% at the highest value. In all, 7060 reflections 
including repeated test reflections were recorded over a span 
of 9 days. During this period no change was observed in the 
crystal scattering power as judged from measurements of 
selected strong reflections. 

All reflections with d spacings larger than 2.4 A were re- 
corded. In addition, the 70% strongest reflections with d 
spacings between 2.4 and 2.0 A-as judged from the previous 
neutron analysis of H-TLY-were measured. The step scan 
recorded reflections were reduced to structure factors (Leh- 
mann & Larsen, 1974) and corrected for absorption by 
Gaussian integration and a calculated p of 3.44 cm-'. After 
averaging, there were 6103 reflections of which 6047 had 
nonzero intensities. These latter were used in the subsequent 
least-squares refinements. 

Ethanol Location and Structure Refinement. The refine- 
ment program used throughout was the Hendrickson-Konnert 
constrained refinement program modified for neutron dif- 
fraction data (Wlodawer & Hendrickson, 1982). The starting 
parameters for the lysozyme molecule were the coordinates 
from the neutron diffraction study of the deuterated crystals, 
D-TLY (Mason et al., 1984). In the first series of refinements, 
only the protein was included in the model. The intermediate 
R factor was 0.13 1. The ethanol molecules were then located 
by inspection of Fourier difference maps. Pairs of peaks at 
a distance of 2 A or very elongated single peaks above noise 
level in the difference maps were identified as deuterated 
ethanol molecules if no peaks representing nitrate groups or 
disorder were found in the difference maps of H-TLY of the 
protein. As the ethanol molecule is likely to resemble the 
configuration of the water molecules that it replaces, it was 
in some cases not obvious whether the observed peaks repre- 
sented a ethanol or a series of water molecules. Ethanol 
locations were therefore only assigned if the peaks in the 
H-TLY maps were small or did not resemble an ethanol 
molecule. At first, 15 possible ethanol sites were identified. 
As refinements proceeded simultaneously with the refinements 
of H-TLY and D-TLY, comparisons were made from time 
to time, and two suspect sites were eventually removed from 
the list. One was very near the possibly disordered Arg-45 
and one corresponded to a nitrate group clearly visible in the 
D-TLY maps. 

In the second series of refinements, ethanol molecules were 
included and were described as two hard spheres with radii 
1 A at an intercenter distance of 2 A. The scattering factor 
of each sphere was given as 

F(Q)  = b X 3(sin Q - Q cos Q ) / Q 3  

where Q = 47r sin f?/A and b is the scattering length for a CD3 
group. Model calculations of scattering densities showed this 
description to be in good agreement with the scattering density 
of a D3C-CD3 molecule with elevated temperature parameters 
( B  = 50 A2). Similar model calculations showed that only 
highly ordered H20 groups would be observed, so no attempts 
were made to locate water molecules. Instead, the 16 best 
ordered water molecules from the D-TLY model were in- 
cluded, and in addition, four nitrate groups were found in the 
difference maps, in agreement with the difference maps for 
D-TLY and H-TLY. 

No attempts were made to assign hydrogen and hydroxyl 
locations to the ethanol molecules on the basis of the scattering 
density. In Figure 1 are given three examples from difference 
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FIGURE 1 : Examples of the observed shapes of ethanol molecules from 
difference maps. Only positive contours are given, and the maps are 
based on phases, which were calculated with only the lysozyme 
molecule. (a) A highly occupied site; (c) the (worst looking) lowest 
occupied site. Note the nitrate group in (c). 

Fourier maps calculated after the last refinement, with use 
of phases from the lysozyme molecule only. In all cases, an 
elongated density is found, but there is no sign of lower density 
in the region where the 0-H groups are placed. The size of 
the peaks for most of the ethanol molecules is in any case low 
compared to the main chain. The scattering density of an atom 
is given by 

,I(?') i= b / ( [ ( 2 ~ ) ~ / * ~ ~ ]  exp[-?/(2u2)]) 

where b is the scattering length, B = 8a2u2, and r is the dis- 
tance from the center of the atom. We get p(o) - l/B3/', 
and consequently for a disordered ethanol group with B - 50 
A2 compared with B values in lysozyme around 1 1 A2, the ratio 
in peak height is (1 1/50)3/2 = 1/10. Including a further factor 
of 'I2 because the difference map contains no phase infor- 
mation for the ethanols, we must then accept that the peak 
heights for ethanol at best will be between 5% and 10% of those 
for lysozyme, despite the impressive scattering power of a 
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FIGURE 2: Difference between mean temperature factors B (AZ) for 
the ethanol data and for the H-TLY model. The lower curve is for 
the main-chain atoms, while the upper curve is for side-chain atoms. 
The locations where ethanol contacts occur are given as short vertical 
lines: the upper row is for hydrophilic contacts; the lower row is for 
hydrophobic contacts. 

deuterated ethanol molecule. No attempts were therefore 
made to describe ethanol on an atomic level, although this 
might be possible later on chemical grounds. 

A total of 13 ethanol sites were included in the refinements. 
In addition to structural and thermal parameters, the site 
occupation factors for all nonprotein species were varied; for 
the ethanol molecules, the final occupation factors ranged from 
0.2 to 1.0. 

Inclusion of Disordered Solvent. In an attempt to improve 
the agreement between observed and calculated low-order data, 
a description of the disordered, flat solvent was included in 
the structure factor equation. Details will be given elsewhere 
(Lehmann, 1985). The approach was to describe the solvent 
scattering as being equal in magnitude, but opposite in sign, 
to the scattering from a pseudomolecule. The pseudomolecule 
occupies the same molecular envelope as the protein molecule, 
but has the scattering density of the solvent. The molecular 
volume was simulated by hard spheres located at  the atomic 
positions, and to obtain a smooth surface, it was convoluted 
with a sphere describing the average solvent molecule. The 
only variable parameter in this model is the solvent scattering 
density, ps, which was varied in steps until a minimum was 
obtained in the agreement factors. The best results were 
obtained for ps = 0.0055 X cm/A3, corresponding to 20% 
ethanol (v/v) in the disordered solvent. This is less than the 
25% in the mother liquor, but this is expected as there are 
undoubtedly solvent regions inside the crystal that are inac- 
cessible to ethanol. The improvements in R value arising from 
the solvent contribution were small. For the 1238 reflections 
with d larger than 3.5 A, the R factor fell from 0.109 to 0.099. 
For all the data, the final R factor was 0.097. After the final 
refinement, 491 out of 6778 bond distances deviated more than 
2u from ideality, where u for the distances involved ranged 
from 0.020 to 0.045 A. 

Comparison with the Structure without Ethanol. The main 
effect of the inclusion of solvent was to increase the value of 
the temperature parameters. The mean temperature param- 
eter went from 8.8 to 11.3 A2 when the solvent was included, 
and this noticeably improved the agreement with the tem- 
perature factors for H-TLY, which were as well obtained by 
a refinement that included a solvent correction. We choose 
to compare with H-TLY, partly because the low scattering 
density of the H 2 0  solvent would possibly lead to less biased 
temperature parameters than D-TLY and partly because the 
H-TLY and ethanol data were recorded at the same tem- 
perature. A comparison of temperature parameters is shown 
in Figure 2. The location of residues interacting with ethanol 
is given. The variations observed do not seem to correlate with 
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FIGURE 3: The rms positional difference between the final ethanol 
model and the starting parameters for the structural refinement 
(D-TLY model). The two curves and the vertical lines are defined 
as in Figure 2. 

Table I: Site Occupation, Q, and Temperature Factors, B (A’), for 
Ethanol GrouDsa 

name Q B feature in H-TLY 
Eth 1 1.03 44 strong peak in middle of ethanol 
Eth 2 0.61 48 nothing 
Eth 3 0.32 41 nothing 
Eth 4 0.32 54 nothing 
Eth 5 0.28 12 medium peak at one end of ethanol 
Eth 6 0.25 46 nothing 
Eth 7 0.23 32 medium peaks at both ends of ethanol 
Eth 8 0.20 11 medium peak at one end of ethanol 
Eth 9 0.19 10 strong peak at one end of ethanol 
Eth 10 0.18 17 nothing 
Eth 11 0.18 29 weak peak at one end of ethanol 
Eth 12 0.16 32 nothing 
Eth 13 0.17 26 nothing 

“The content of the corresponding region in H-TLY difference maps 
with phases from the protein only is given. A strong peak would nor- 
mallv indicate the location of a water molecule oxygen. 

the locations of the ethanol molecules. Further, the ethanol 
molecules do not seem to affect the general structure: final 
difference maps showed no indications of disorder beyond that 
observed in the structures not containing ethanol. A com- 
parison between starting coordinates, Le., the coordinates from 
D-TLY, and the final refined coordinates is given in Figure 
3. Again, the location of residues interacting with ethanol 
is indicated. The mean difference in position comparing all 
atoms is 0.29 A, and there is no indication of any strong 
variations along the chain. 

Freezing Point Depression of Crystal Water. During the 
diffraction experiment the cell dimensions and some selected 
reflections were monitored as a function of temperature. In 
normal triclinic lysozyme a well-defined phase change takes 
place at 257 f 1 K ( S .  A. Mason, unpublished results). Below 
this point, the unit-cell volume decreases by 3.4% as the tem- 
perature is lowered slowly from 257 to 251 K. The structural 
basis for this transition is probably a freezing of the unbound 
water. For ethanol-lysozyme, the transition starts at a lower 
temperature, and the transition range is wider. Using as 
transition temperature the midpoint of this range, we get a 
temperature of 25 1 f 1 K. Assuming normal solvent behavior, 
this freezing point depression would correspond to 17 f 3% 
ethanol (v/v), which is in good agreement with the structural 
observations. 

RESULTS AND DISCUSSION 
Table I lists the site-occupation factors and thermal pa- 

rameters for the 13 ethanol molecules. As the CD, groups 
are described by spheres of radius 1 A, the convolution with 
thermal motion does not change the shape of the density 
substantially for the B values obtained. Moreover, these values 
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Table 11: Fractional Coordinates, x ,  y ,  and z ,  and Site Occupation 
Factors, Q, for the Bromoethanol Molecules Located by Yonath et 
al. (1978)" 

Table 111: Intermolecular Contacts" 
name contact 

name x Y z Q ethanols 
1D 0.756 0.881 0.367 0.10 Eth 2 (1.1) 
2D 0.667 0.591 0.914 1.00 Eth 1 (2.0) 
3D 0.216 0.736 0.892 0.15 none 
4D 0.754 0.464 0.294 0.10 Eth 3 (3.5), 

5D 0.556 0.103 0.242 0.30 none 
Eth 7 (2.8) 

a The last column shows the corresponding ethanol molecules from 
the present study as well as the intermolecular distances (A) in par- 
entheses. 

probably do not contain any physical information. Table I 
also contains a short comment on the density in the corre- 
sponding region of H-TLY. As discussed above, there is 
always a possibility that a well-ordered water structure mimics 
the density for an ethanol molecule, even when normal water 
is used, and even though the distance 0-H-0 is 2.75 8, 
compared to distances of 1.54 8, for C-C and 2.0 8, for the 
ethanol model used. In most cases, though, the density is low 
in the H-TLY map for the regions in question. It is worth 
noting that a very well bound water is observed at the site of 
Eth 1 both in H-TLY and in D-TLY, but because of the size 
of Eth 1 itself, there was no doubt that this is an ethanol. One 
possibility, which has not yet been explored for H-TLY and 
D-TLY, is that this water is in fact an acetate group. For 
CH,COO, model calculations of density maps showed CH, 
to be nearly invisible, leaving a D20-like C 0 2  group. Even 
then we would take the group to be an ethanol, as we could 
reasonably well assume for chemical reasons that CD3CD20H 
would replace CH,COOH. 

In all, the 13 sites gave a total of 4.1 molecules of ethanol, 
corresponding to 4% (v/v) of the solvent in the crystal. This 
is a comparatively small part of the available ethanol, but 
similar results have been obtained recently in other studies. 
For papain, where crystals were grown from 67% (v/v) 
methanol and where the structure was refined from X-ray data 
to a resolution of 1.65 8, (Kamphuis et al., 1984), only 26 out 
of 225 located solvent molecules could be regarded with any 
certainty as methanol. This corresponds to approximately 6% 
of the total solvent volume. Similarly from Crambin (Teeter, 
1984), where crystals were obtained from 60% ethanol solu- 
tions, and which was refined from X-ray data to 0.945 A and 
neutron data to 1.2 A, only 7% of the solvent volume could 
be identified as ethanol. 

Comparison with Studies Using Bromoethanol. Yonath et 
al. (1978) have already studied the interactions of triclinic 
lysozyme with bromoethanol. In their analysis, crystals were 
cross-linked (Yonath et al., 1977) so that a structure analysis 
could be carried out after a denaturation-renaturation cycle. 
For comparison with our work, the relevant analysis is that 
at the highest concentration, 0.75 M, before denaturation. 
Table I1 summarizes the coordinates and site occupation 
factors for the five locations given by Yonath et al., trans- 
formed to the unit-cell coordinate system of the present 
analysis. The transformation matrix was obtained by a 
least-squares fit between the sets of main-chain atoms for the 
two structures [coordinates for the lysozyme study of Yonath 
et al. were taken from the Protein Data Bank (Bernstein et 
al., 1977)]. The rms difference between the two sets of co- 
ordinates was 0.55 A. In addition, Table I1 gives the corre- 
sponding ethanol molecules and the intermolecular distances. 

In three out of the five sites, there is good agreement, and 
it is especially gratifying to note that 2D and Eth 1, which are 
the best located molecules for the two structures, coincide. For 

Eth 1 

Eth 2 
Eth 3 

Eth 4 

Eth 5 

Eth 6 

Eth 7 

Eth 8 

Ile-58* m H (2.7), Asn-59 m H (2.9), Trp-63* s H (3.5), 

Arg-5* s H (3.9,  Ala-122* s H (3.2), Trp-123* s C (3.6) 
Arg-14* s H (3.1), Asn-37 s H (3.1), Arg-61* s H (2.8). 

Gln-41(') m 0 ( 3 . 9 ,  Ala-42* m H (3.4), Val-l20* s H 

Gly-16" s H (3.0), Tyr-20* s H (3.1), Phe-34* s H (3.0), 

Trp-62* s H (2.9), Trp-63* s H (2.7), Asn-103 s 0 (3.3), 

Arg-14* s H (3.3), Arg-61* s H (3.3), Trp-62* s H (2.9), 

Arg-45* s H (2.9), Asn-77 m 0 (3.2), Ile-78* s H (1.8), 

Ile-98* s H (2.7), Ala-107* s H (2.6), Trp-108* s H (3.6) 

Gly-71* s H (3.6) [Eth 7 (2.8)] 

(3.5), Gln-121 s H (3.1) 

Lys-96 s H (2.5), Arg-114 s H (2.8) 

Ala-107* s H (3.9) 

Arg-73 s H (2.4) 

Lys-116* s H (2.6), Gly-117* s H (2.6) [Eth 9 (2.0), Eth 
10 (4.0)] 

Eth 9 Thr-43 m 0 (2.8), Asn-44* m H (2.2), Arg-45* m H (1.4) 
Eth 10 Cys-115 m 0 (3.8), Gly-117* m C (1.6), Thr-118 m H 

(2.2), Val-120* s H (3.6) 
Eth 11 Thr-47 m 0 (3.4), Asp-48: m C (3.7), Gly-49* s H (3.2), 

Pro-70* s H (3.4) [Eth 12 (3.6)] 
Eth 12 Thr-47* m H (3.2), Gly-49* s H (2.8) 
Eth 13 Lys-1' s H (3.7), Ser-72* s H (3.9), Arg-73* s H (3.2), 

"An asterisk indicates that the contact is with hydrophobic parts, m 
means that the interaction is with the main chain, and s means that the 
interaction is with the side chain. Parentheses around the asterisk sig- 
nify that the contact site is most probably hydrophobic. The atom type 
nearest the ethanol is indicated, and the distance (A) is given in par- 
entheses. 

Asn-74* s H (3.1) 

the two sites 3D and 5D, the ethanol difference maps were 
restudied. For the 5D location the map is empty. However, 
the 3D location is about 3 A from a potential ethanol site, 
which was rejected in the very early stage of the analysis 
because it was near a few very well ordered water molecules 
observed in H-TLY. It is therefore possible that this site 
should after all have been included in the refinement. Alto- 
gether, the comparison shows that there is quite some resem- 
blance in the protein binding nature for the two molecules, 
and therefore probably also in their denaturing action. 

Intermolecular Distances. In order to get a picture of the 
typical interaction between the ethanol molecules and the 
lysozyme surface, interatomic distances were calculated. For 
ethanol, the two centers of the model molecule, located 2 8, 
apart, were used for the carbon atoms. For reasons given 
above, the ethanol oxygen and hydrogen atoms were not in- 
cluded in the calculation of interatomic distances, but they 
must be included in the estimate of the maximum possible 
contact length. The overwhelming majority of contacts are 
between hydrogen atoms in the two molecules, and in this case 
the distance between the ethanol carbon and the protein hy- 
drogen atom would be 0.96 8, (carbon-hydrogen bond) plus 
twice the van der Waals radius of hydrogen, 2.4 8, (Pauling, 
1960). The chosen maximum contact of 4 A would therefore 
suffice to include all contacts of this kind. It is also long 
enough to accept contacts with carbon atoms on the protein 
as the van der Waals radius for carbon is around 1.7 8, 
(Pauling, 1960). For hydrogen bonds the limiting length was 
chosen to be 4 A for the C(eth)-0-H-O(N) configuration, 
and this corresponds to an 0.-H contact of 2.2 A, assuming 
a C(eth)-0-H angle of 120° and a linear hydrogen bond. A 
similar maximum 0.-H length was assumed for C(eth)-O-H 
bonds, and this gave a maximum inter atomic distance of 3.1 
A. As hydrogen bonds are seldom linear, this gives ample 
room for inclusion of all possible hydrogen bonds. 

Table I11 summarizes the findings, and Figure 4 shows the 
local environments for the ethanol groups. On average, the 
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FIGURE 4: Stereo plots [using the program ORTEP, Johnson (1978)] for all the ethanols. Panels c, g, and h contain several ethanol molecules. 
In most plots, the residues given correspond to Table 111. Cys-115 was removed from panel g for clarity, and a few residues are added here 
and there to improve comprehension. For Trp-62, which was assumed to be disordered in the refinement, only the site that is nearest ethanol 
is given, and this site is in any case the highest populated one. Dark points are the bromoethanol locations as determined by Yonath et al. 
(1978). 

contact distance to hydrophobic hydrogen atoms is 3.1 A. This 
is well below the limits mentioned above, and the value is 
undoubtedly partly governed by the van der Waals contact 
between the carbon atom of the ethanol group and the hy- 
drogen atom, which was restrained to be a minimum of 3.05 
A in the least-squares refinement. It is however not unrea- 
sonably short. First, we should notice that the ethanol carbon 
atoms are at a distance of 2 A rather than 1.54 A, which will 

add to the true interatomic distance. Second, the ethanol 
hydrogen atoms are certainly not found on the line between 
the carbon and the lysozyme hydrogen atoms. Indeed, a re- 
alistic value for the van der Waals radius of a methyl group 
is 2.0 A (Shrake & Rupley, 1973; Finney, 1975), which would 
give an average contact of 3.2 A. Finally, keeping in mind 
that the ethanol groups are partially disordered, the most 
ordered part of the molecule will be found near the protein 
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and will thus shift the refined center of gravity in this direction. 
In the hydrogen-bond contacts we see a strong distinction 

between the expected donor and acceptor configuration. In 
Table 111, for C(eth)-0-H--0, we find 3.3 A as mean value, 
while the C(eth)-0.-H contacts are 2.7 A on average. Both 
these values are in agreement with typical values for these 
kinds of arrangements. 

One of the aims of this study was to look for structural 
evidence of ethanol association as the literature is nearly void 
of this kind of information (Beveridge et al., 1983). Three 
groups were found: Eth 3 + Eth 7, Eth 8 + Eth 9 + Eth 10, 
and Eth 11 + Eth 12. All the molecules have relatively low 
site-occupation factors, so from the diffraction study (which 
gives a time-averaged picture) we cannot decide whether 
ethanol molecules occur simultaneously in a certain region. 
Indeed, the minimum distance constraint in the structure re- 
finement will prevent the molecules from overlapping. We 
might therefore suspect that the observed groups are repre- 
sentations of a multisite disorder for a single molecule. Even 
if the sites come from independent molecules, the probability 
for finding two uncorrelated molecules simultaneously is at  
best around 7%, i.e., the product of the two largest site oc- 
cupation factors. Higher concentrations of alcohol and large 
site-occupations factors are therefore needed before we can 
discuss ethanol-ethanol interactions with any confidence. 

Ethanol-Lysozyme Interactions and the Denaturation 
Mechanism. The interaction of ethanol with the lysozyme 
surface is best discussed by dividing the surface into two re- 
gions, one hydrophobic portion containing aliphatic and aro- 
matic groups and a hydrophilic part consisting of polar and 
charged groups containing oxygen, nitrogen, or sulfur atoms. 

For the interactions with hydrophilic groups, the hydrogen 
bonding is equally distributed between main-chain and side- 
chain locations, and likewise, there is an equal amount of 
hydrogen-bond donation and acceptance, as one might expect 
for an ethanol 0-H group. In only one case, Eth 10, is there 
indication of the 0 -H  being involved in both interactions 
simultaneously. 

The interactions with hydrophobic sites in most cases involve 
the side-chain atoms, and most interactions are with the typical 
hydrophobic residues Ala, Trp, and Ile. A considerable 
amount of interaction is found as well with Arg and Lys, where 
the ethanol molecule is attached to the hydrophobic stem of 
the side chain. 

The places where an interaction takes place are marked in 
Figures 2 and 3. The upper lines of markers indicate the 
position of interaction with hydrophilic sites, the lower line 
is for the hydrophobic interactions. Only the nearest contact 
as given in Table I11 is indicated. First, it should be noted 
that there is only a limited agreement between variations 
within the two plots. The reason for this could be that the rms 
positional deviations are calculated with respect to the starting 
parameters for the refinement, i.e., the D-TLY data, while the 
thermal motion differences relate to the compound that was 
measured at  the same temperature, 280 K, and is thus most 
likely to have the same thermal behavior, namely, H-TLY. 
A good part of the variation is therefore likely to be noise from 
the other data. Beyond this there are however some relations 
between the locations of the ethanol molecules and the max- 
imum fluctuations. The biggest fluctuations in both plots are 
in the residue ranges 35-45, 57-72, and 105-129, which do 
correspond to the major interaction sites for ethanol. One 
exception from this, though, is a peak in the rms plot around 
residue 87, for which there seems to be no explanation. 
Likewise, the locations of the ethanols were examined in the 

L E H M A N N  E T  A L .  

light of a surface accessibility calculation for the protein in 
the crystal [carried out by G. Bentley for D-TLY with the 
theory and programs of Lee & Richards (1 97 l)]. The com- 
parison showed that for a good part of the accessible areas no 
ethanol was found. It is most likely that for these locations 
ethanol, if present, is too disordered to given an observable 
signal. 

Altogether, the specific interactions are mainly of hydro- 
phobic nature. Of the 53 interactions given in Table I11 only 
13 are hydrophilic, and the typical ethanol molecule is 
therefore 25% hydrophilic when interacting with lysozyme. 
We now assume that the hydrophilic activity is proportional 
to the area of the hydrophilic part of the surface, and we 
assume that for a given exposed atom its interacting surface 
is proportional to the square of its van der Waals radius. For 
ethanol, having five hydrophobic hydrogens, one hydrophilic 
hydrogen, and one oxygen, we then obtain a value for the 
hydrophilic nature of 34%. Another approach would be to 
assign a radius of 1.95 8, to the 0-H, which is the mean of 
the van der Waals radius of oxygen, 1.5 A, and of 0-H, 2.4 
A. This gives 35% hydrophilicity. Finally, we could assign 
a van der Waals radius of 2 A to the CH3 end of ethanol, 
assume the surface of C H 2 0 H  to be divided into 2 / 3  for CH2, 
' / 6  for C-0, and for C-0-H, and use 2.7 A and 3.4 8, 
for the radii of C-0 and C-0-H, respectively. In this case, 
we get 32% hydrophilicity. At first sight, the observed hy- 
drophilic activity of 25% is therefore lower than that expected 
from a simple model for the ethanol molecule. However, as 
we do not know the water structure, some hydrophilic inter- 
actions are certainly missing. A reasonable minimum estimate 
would be to assume at least one interaction per ethanol, which 
adds three hydrophilic interactions and gives 29% observed 
hydrophilic nature. There is thus reasonable agreement be- 
tween expectations and observations. 

In their study on bromoethanol denaturation, Yonath et al. 
(1 978) found indications of bromoethanol being hydrogen 
bonded to lysozyme, and they suggested that at higher con- 
centrations further interactions between the hydrophobic 
portion of the small molecule and hydrophobic regions of the 
protein might occur. It would then be these interactions, 
involving the interior of the protein, that lead to significant 
unfolding. It is clear that once the protein is denatured, ethanol 
will interact with whatever part is exposed. Our observations 
do not however support the hypothesis that ethanol participates 
in the action of breaking up the molecule. Already at the stage 
well below denaturation, we find that the ethanols are satis- 
factorily bound, so we have no reason to suspqct any changes 
in the observed ethanol-lysozyme structure as more ethanol 
is added. The major effect would be to increase the occupation 
factors of the sites where ethanol is already bound and to add 
further sites. As the latter will have lower binding constants 
(Le., not being observable in the present study), it is unlikely 
that they can have any important effect on the lysozyme 
structure. 

Lee & Richards (1 97 1) and Shrake & Rupley (1 973) have 
estimated that the surface of lysozyme consists of between 41% 
and 53% apolar residues. All of this surface can probably not 
be reached by ethanol molecules, and only part of the ethanol 
surface-about 65%-is hydrophobic. We can therefore not 
determine precisely the point where the surface saturation 
occurs. At this stage, however (probably above 50% ethanol), 
the content of ethanol in the water near the surface will be 
lower than that in the bulk solution, the water will redistribute, 
and the protein will dehydrate, leading to conformational 
rearrangements. Such changes have been observed by Ham- 
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aguchi & Kurono (1963) for ethanol volume concentrations 
around 60%. 

An important requirement for conformational stability is 
the fulfilment of hydrogen bonding, as the penalty in energy 
for leaving a potential hydrogen-bond donorfacceptor un- 
satisfied is high. When water is removed from the protein, 
it is easier to replace hydrogen-bond configurations on the side 
chains than on the main chain, both because there is more 
space around the side chains and because these are more 
flexible. One key factor in stabilizing the native fold is 
therefore undoubtedly the water molecules bound to the main 
chain. When they are removed, intramolecular binding among 
the peptide units can become necessary, and helical structure 
is promoted. In agreement with this, helical structure persists 
for lysozyme even at high alcohol concentrations (Hamaguchi 
& Kurono, 1963). Indeed, promotion of helical structure 
seems to be a common aspect of denaturation by alcohols [see, 
e.g., p 303 of Lapanje (1978)l. 

Although our measurements are concerned only with the 
structure of lysozyme in its native state, the nature of the 
ethanol binding therefore suggests that a main step in a con- 
formational change of the protein by high alcohol concen- 
tration is a dehydration of the molecule, followed by promotion 
of helical structure and binding of ethanol to the newly exposed 
residues. The point of transition might occur when the ca- 
pacity of the surface for bonding of the molecule in question 
is exhausted and should be tractable by surface accessibility 
calculations. 

CONCLUSIONS 
The present study was undertaken in order to determine the 

mode of binding of ethanol to the protein lysozyme. From 13 
possible locations of ethanol on the lysozyme surface we have 
determined that the ratio of hydrophilic to hydrophobic affinity 
is in agreement with the expected nature of ethanol binding. 
We find as well that at 25% (vfv) ethanol concentration the 
ethanol binding does not influence significantly either the 
structure or the motion of lysozyme. We are therefore led to 
conclude that ethanol denaturation is not likely to occur by 
direct interaction of ethanol with the interior part of the ly- 
sozyme molecule but might proceed via a destruction of the 
water structure, especially near the main chain of the protein. 
The result of this would be a dehydration of the macromolecule 
followed possibly by an increase in helix formation. 

The study was also undertaken to test the applicability of 
neutron diffraction for the study of small molecule interactions 
with proteins. With suitable choice of deuteration of the 
constituents, the probe molecule should be visible, even in case 
of considerable disorder. The outcome of the analysis shows 
this to be the case, and although the crystal size required is 
larger than that for X-ray analysis, with modern neutron 
diffraction techniques many systems can be studied. 
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