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STRUCTURE OF HEN EGG-WHITE LYSOZYME 
0 

A Three-dimensional Fourier Synthesis at 2 A Resolution 

By DR. C. C. F. BLAKE, DR. D. F. KOENIG*, DR. G. A. MAIR, DR. A. C. T. NORTHt, 
DR. D. C. PHILLIPSt, and DR. V. R. SARMA 

Davy Faraday Research Laboratory, Royal Institution, 21 Albemarle Street, London, W.l 

T HE X-ray analysis of the structure of hen egg-white 
lysozyme1 (N-acetylmuramide glycanohydrolase, EO 

3.2.1.17), which was initiated in this Laboratory in 1960 
by Dr. R. J. Poljak, has now produced a Fourier map of 
the electron density distribution at 2 A resolution in which 
the structure of the molecule can be clearly seen. 

Comparison of this map with the primary structure, 
determined by Jolles et al. 2 •3 , by Canfield4 •5 and in part 
by Brown•, has made possible the location of each of the 
129 amino-acid residues of which the molecule is com­
posed, many of which, including the four disulphide 
bridges, can be identified unambiguously in the X-ray 
image. The arrangement of groups in the molecule is very 
complicated, and many interactions between them will be 
revealed only by detailed analysis of the map. This 
preliminary account of the work is intended, therefore, 
to indicate the quality of the results, and to show the 
general structure of the molecule. Further work which is 
described in the following article 7 has also revealed the 
location of a site at which competitive inhibitor molecules 
are bound in the crystal structure so that it is possible, 
even at this stage, to identify amino-acid residues which 
may be involved in the binding of substrates. 

X-ray Methods 
Crystals of hen egg-white lysozyme chloride grown at 

pH 4·7 (ref. 8) are tetragonal with unit cell dimensions, 
a= b = 79·1, c = 37·9 A, and space group P41 212 or 
P43212 (ref. 9). Each unit cell contains eight lysozyme 
molecules (one per asymmetric unit), molecular weight 
about 14,600, together with 1 M sodium chloride solution 
which constitutes about 33·5 per cent of the weight of the 
crystal10• 

A preliminary investigation1 \ in which the method of 
isomorphous replacement was used, showed that the 
space group is in fact P43212 and made possible a calcula­
tion of the electron density distribution at 6 A resolution. 

In the extension of this analysis to higher resolution it 
has been necessary to find new and better isomorphous 
heavy-atom derivatives. Those originally used contained: 
( 1) mercuri-iodide ions ; ( 2) chloropalladite ions; and ( 3) 
ortho-mercuri hydroxytoluene para-sulphonic acid (MHTS) 
and of these only the MHTS derivative was found to be 
suitable for work at higher resolution. An extensive 
search, using methods already described11, revealed, 
however, that derivatives containing (4) uo.~ (ref. 12); 
and (5) an ion derived from U0 2(N08 ) 2, probably 
U02(0H)n<n-2)-, were very suitable for this purpose. 
In addition derivatives including (6) para-chloromercuri 
benzene sulphonic acid (PCMBS) and (7) PtCl.;'" (ref. 13) 
were found to be satisfactory for use at low resolution. 
All these derivatives except (1) and (2) were used in a 
re-examination of the structure at 6 A. The necessary 
diffraction measurements were made with the Hilger and 
Watts, Ltd., linear diffractometer14 adapted to measure 
three reflexions at a time15 •16 and the data were processed 
and the other calculations made on the Elliott 803 B 
computer at the Royal Institution. The phases were 
calculated by the phase probability method17, adapted 
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to make proper allowance for anomalous scattering of the 
copper Krx. X-rays by the various heavy atoms18• The 
availability of uranium derivatives was particularly 
fortunate in that the anomalous scattering effect is large 
for uranium and indeed a particular search was made for 
them with that in mind. The mean figure of merit ob­
tained in these calculations was 0·97 as compared with the 
0·86 obtained before, and the greater part of this improve­
ment has been shown to arise from the improved treatment 
of anomalous scattering rather than from the inclusion of 
additional heavy-atom derivatives. 

Fig. 1 shows a model of the electron-density distribution 
at 6 A resolution obtained in this new work. The outline 
of the molecule is certainly clearer in the new map than 
in the old, and within the molecule there is improved 
continuity suggesting the course of a folded polypeptide 
chain; but the two maps are, in fact, very similar (root 
mean square difference in electron density 0·12 eA-•) 
and it remains impossible to determine the structure from 
them in any detail. Nevertheless a tentative general 
interpretation was possible. The model can be divided 
roughly into two parts; on the left-hand side of Fig. I 
the density has the appearance of a single chain without 
cross-connexions while to the right the arrangement 
appears to be much more complex. In general agreement 
with the picture, the primary structure, shown in Fig. 2, 
includes some relatively long lengths of polypeptide chain 
free from cross-connexions together with a region in which 
two disulphide bridges and two proline residues e,re close 
together. 

2 A Resolution 
In preparation for the high-resolution investigation, 

the various heavy-atom derivatives were investigated 
in the centro-symmetric hkO and hOl projections at 3 and 
2 A resolution. Comparison of the various sign predic-

Fig. 1. Solid model of the lysoz;v.me electron-density greater than about 
0·5 electrons/A' at 6 A resolution 



© 1965 Nature Publishing Group

758 NATURE May 22, 1965 voL. 2o6 

40 are all comparable with the overaJl value 
for the protein crystals themselves. The 
very large vaJues obtained for other sites of 
(5) show that these sites are of little im­
portance at high angles and may not repre­
sent true sites of heavy-atom attachment. 
The minor site of (3) MHTS is clearly the 
so.- group of this molecule: it occupies 
the same position as the equivalent group 
in the not strictly isomorphous PCMBS 
derivativeu. 

.Fig. 2. Sequence of amino-acid reaidues in hen egg-white lysozyme reproduced from 
Canfteld and Llu (ref. 6) 

The refinement programme gave the root 
mean square 'lack of closure' errors re­
quired in the isomorphous phase determina­
tion11 that are shown in Table 1. Analysis 
of the agreement obtained between 
measurements of symmetry equivalent re­
flexions gave the corresponding values 
required for the anomalous-scattering 
phase determination 18• These were folUld 
to vary as a function of sin 6 having the 
values 19 + 455 sin26/:A1 for derivatives 
(3) and (4) and 26·5 + 485 sin26/"A1 for 

tions and examination of the radial distributions of the 
intensity differences•• showed that only derivatives (3), 
(4) and (5) were suitable for high-resolution work. Accord· 
ingly 2 A data. were collected from the native crystals and 
for crystals containing these heavy atoms. The S8Jne 
experimental methods were used; but in order to minimize 
the effects of irradiation damage each crystal was exposed 
for only 20 h or less to the ~-filtered X-rtJ.y beam from a 
copper tube operated at 40 kV, 20 m.amp. About 16 
crystals were used to obtain each set of measurements 
which included generous overlaps for scaling90 and separate 
measurement of the reflexions in the Bijvoet pairs hkl 
and khl. Semi-empirical corrections were made for 
absorption". The data-processing system was designed 
at every stage to detect errors and to avoid their introduc· 
tion and to eliminate any need for comprehensive manual 
checking. 

The complete set of 2 A data comprises some 9,040 
reflexions of which 1,640 are centric, a property of this 
space group which greatly facilitates the determination 
and refinement of the heavy-atom parameters. The main 
heavy-atom positions were all folUld from ( tiF)8 maps in 
projection, and subsidiary sites were found from tiF maps 
in two and three dimensions when preliminary signs and 
phases had been folUld. The best pMa.meters were determ. 
ined by the use of the quasi-three-dimensional set of 
centric reflexions, hJcO, kOl, hhl, Okl, .in an adaptation of 
Hart's method22• The final parameters are shown in 
Table 1. The large proportion of centric reflexions also 
made possible an examination of the variation in apparent 
occupancy with scattering angle, thus revealing the shape 
of the appropriate scattering factor curve for each heavy­
atom. These curves agree well with those expected for a 
heavy central atom surrounded by a. shell of light atoms 
replacing a sphere of uniform electron density. 

The temperature factors shown in Table 1 most deserve 
comment. Those obtained for the most important sites 
(of which there are no more than two for any derivative) 

To.hle I. HEAVY·ATOH PARo\liETII:RS 

Site X y z 0 B ]IJ N R 
MHTS I 0·2068 0·6138 0·0507 3!1·2 17·8 58 1247 0·60 

II 0·2415 0·63113 0·9326 8·S 14·9 
ljO.F, I 0·1783 0·5849 0·7204 56·6 21·0 74 1277 0·52 

II 0·0974 0·81176 0·4650 29·8 2H 
l:O,(OH)n I 0·0961 0·8988 0·4664 47-1 19·2 80 1140 0·57 

II 0·18!18 0·5901 0·7168 42•1 124·8 
lTI 0·04!6 0·7266 0·111115 11·0 100·2 
IV 0·0869 ()-81176 0·4866 11·4 68·4 
v 0·2024 0·6888 ()-6781 28·6 42·8 

0, Occnpaucy Af heavy-atom site-electrons; B, isotropic temperature 
factor constant- '; .E, root mean square dlfferen.oe between obeerved and 
caleulated heavy-atom ohalliel for oentrlo reflen~leetrons; N, number 
of centrlo roflexlons In the ra~e 0·01 < stn•e < 0·15 used In refinement; 
R, reliability Index for observe and calculated heavy-atom changes of 
centric reftexions. 

derivative (5). 
The phases of the 9,040 reflexions were calculated on 

the Elliott 803 B computer and had e. mean figure of 
merit of 0·60. The variation with angle was very similar 
to that obtained in the comparable analysis of sperm­
whale myoglobin .. ; the mean value fell to 0·38 at the 2 A 
limit. The 'best'17 electron-density distribution, un­
sharpened, was calculated from these phases and 'figures­
of-merit' on the University of London Atla8 computer. 
The density was calculated at l/12oths of the cell edge 
along a and b and lf6oths along c, and was tabulated in a 
form suitable for immediate contouring to a scale of 0•75 
in. = 1 A. The Elliott 803 B computer was used to gener­
ate that part of the map which was expected, from the 6 A 
resolution work, to include one molecule, from the arbi­
trary asynunetric unit calculated by AtlM. The absolute 
scale of the measurements is known only roughly (from 
statistical arguments and reasonable occupancieS for the 
heavy-atoms) and the map was contoured at estimated 
0·25 eA-• intervals. 

The Fourier Map 

The electron-density corresponding to a. single molecule 
extends over the full length of the c-axis of the unit cell 
and in the other axial directions lies within the ranges 
-i < x < +t, 0 < Y < t· The contour map was 
plotted on 60 sections of constant Z so as to extend safely 
beyond these ranges of X and Y. Two separate blocks of 
ten sections each, which are representative of the whole 
map, are shown in Figs. 3 and 4. No F(OOO) term was 
included in the Fourier synthesis, so that density values 
are all relative to the average crystal density. Only 
contours of higher than average density are shown in the 
maps, but there are no patches of high negative density 
even at the heavy atom positions, and it is immediately 
apparent that the general background is satisfactorily 
uniform. In regions which must be occupied by water 
1md salt•, such as those near the two-fold rotation axes, 
there are many small peaks, which are consistent with some 
degree of order in the liquid of crystallization. Within 
the molecular boundary the density indicates clearly 
the course of the polypeptide chain and the nature of 
many side-chains. 

At this resolution atom.s are not expected to appear in 
the image as separate peaks of electron density, but groups 
of atoms connected only by ionic or van der Waals' 
interactions or by hydrogen bonds are expected to be 
resolved. It is satisfactory therefore to find a continuous 
ribbon of high density with characteristic features at 
regular intervals to represent the main polypeptide chain 
with its carbonyl groups and with side-chains protruding 
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the corresponding study of myoglobin25 , 

however, it was often simpler to recognize 
the density corresponding to particular 
well-marked side-chains than to follow the 
main-chain densit.y directly. Some of these 
clearly identifiable side-chains in a non­
helical region are shown in Fig. 4. They 
include most prominently the indole rings 
of tryptophan residues 28, l 08 and 111, 
and the sulphm· atom of methionine 105 
which come together with tyrosine 23 in 
this part of the structure to form a 
curiously regular hydrophobic box. 

Of course, not all the residues are as 
clearly recognizable as this; but using the 
criteria formulated in the examination of 
myoglobin25 it is possible to identify many 
of them with conside1able confidence. 
Nevertheless, the existence of almost com­
plete knowledge of the primary structure 
has been of enormous value, and no 
attempt was made to analyse the X-ray 
image without recourse to it. No dis­
agreements with the chemical information 
were obvious at this stage of analysis 
except in those few small regions in which 
the chemical studies•·• do not agree. 
These are discussed here. 

General Description of the Molecule 

Fig. 3. Sections Z ~ 35-44/60 of the 2 A resolution electron density map. Contours at 
intervals of 0·25 eA-". AA' shows the course of a length of a-helix lying in the plane of 

the sections. B indicates a length of helix more nearly normal to the sections 

The molecule is roughly ellipsoidal with 
dimensions about 45 x 30 x 30 A. The 
general arrangement of the polypeptide 
chain is indicated in the schematic dia­
gram of Fig. 5. It is clearly even more 

from it. In some regions the conformation of the main 
chain is clearly ex-helical. For example, Fig. 3 includes the 
density corresponding to two lengths of ()(-helix, one of 
which runs approximately parallel to the sections (AA ') 
while the other is more n early perpendicular 
to the sections (B). Inspection of the density 
in comparison with models shows im­
mediately that the h elices are right-handed 
running towards the t erminal amino end of 
the polypeptide chain in the direction AA' 
and at B down into the map. 

It is in such helical regions that the side­
chains are most easily identified. Thus the 
peak of high density a little below the helix 
AA' and connected back to it clearly repre­
sents a disulphide bridge between the helix 
and more extended chain near the bottom of 
the picture. To the left of the disulphide 
bridge, density characteristic of another 
side-chain, a phenylalanine, can be seen 
emerging from the h elix at an ()(-carbon 
position four residues removed from tho 
cystine towards the terminal carboxyl end 
of the chain. This observation, when com­
bined with the sequence of Fig. 2, im­
mediately identifies the disulphide bridge 
as that between residues 30 and 115 and was, 
in fact, the starting-point of a detailed cor­
relation between map and sequence. The 
helix at B corresponds to a part of the chain 
nearer the terminal amino end and has 
features clearly consistent with tho sequence 
Arg-Lys-Met-Ala-Ala-A.la of residues 14 ·- 9. 

complicated than that of myoglobin, and a compre­
hensive description cannot yet be given. Some important 
features, however, are immediately apparent. First, 
the ()(-helical content is relatively low. Detailed in-

In the non-helical regions, the courses of 
the main chain and the side-chains are rathm· 
less easily recognized by mere inspection of 
the map. Nevertheless, no real difficulty was 
encountered in following the main chain and 
nowhere did the density corresponding to it 
fall to the general background-level. As in 

Fig. 4. Sections Z ~ 25- 34/00 of the 2 A resolution electron density map. The densities 
corresponding to a nmnbcr of amino-acid side·chains are numbered in accordance wlt.h 

Fig. 2 
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Sor_(9l) and Gin( 57). In addition, residue 58, 
w~ch may be asparagine•, can be regarded 
as mtemal. All the lysine and arginine side­
chains are extmnal. 

Comparison With Low Resolution Results 

_It is interesting to compare this molecule 
With the model obtained at 6 A resolution. 
The boundary of the molecule was correctly 
chos~n in the revised 6 A work (Fig. I ) and 
was Incorrect only in minor details in tho 
ea.rlier investigation11 • Furthermore, the 
vory general interpretation was correct in 
t~at the complex folding indicated by the 
r•ght-hand part of Fig. 1 does indeed include 
the two disulphide bridges 64-80 and 76-94. 
On t~c other hand, it is somewhat surprising 
to discover that tho 6 A maps contain no 
significant indications of the positions of 
throe of the disulphide bridges, possibly 
because they lie in diffraction minima asso­
ciated with neighbouring helices. Clearly it 
is very unlikely indeed that the 6 A model 
could have been interpreted correctly in 
detail, even in the light of the primary 
structure, and this is true also of a model 
at 5 A resolution which is not described 
hero. 

Comparison with Chemical Data 

Fig. &. Schematic drawing of the main chain conformation (by W. L, llragg) 
Tho independent investigations of tho 

primary structure2 •1 •5 now agree in all but 
a few details on the sequence of amino­

acid residues in tho lysozyme molecule. Two of the 
remaining doubts• are concerned with the distinction 
between aspartic acid and asparagine, which are not 
readily distinguishable by the X-ray method. The other 
throe difficulties, which are more serious, can be resolved 
to somo extent by examination of i the present map. 

vestigations of tho helical parameters have not yot 
helm made, but about six lengths of helix have been 
recognized, somo of them very short, as indicated in 
Figs. 5 and 6. If a rosidue is regarded as being in a 
helix if one or other of its possible hydrogen bonds 
is properly mado, then about 55 of the 129 residues 
appear at this sta.go to bo included in helices. This 
suggests a maximum helix content of about 42 per cent, 
in fair agreement with the predictions of optical rotatory 
dispersion "6 

• 
27

• 

The remainder of the molecule is less easily described, 
the folding of rosiduos 35-80 being particularly complex. 
In this region threo longths of chain are roughly anti­
parallel, two of them, residues 41-54, forming a. nearly 
closed loop. Nearby are the two closely related disulphide 
bridges connected by short lengths of chain which include 
tho proline residues (70 and 79). 

The disulphide bridges oach have a helix 
on at least one side, although the half­
cystine is generally the last helical residue 
or at least in the last tum of its helix. 
Only one bridge, 30-115, hns a holix on 
both sides and 115 is a terminal residue. 

The inside and outside of the molecule 
are less easily defined than they are for 
myoglobin, in which the interior of the 
molecule consists almost exclusively of 
hydrophobic sido-chains29• Tho lysozymo 
molecule appears to have a hydrophobic 
spino consisting mainly of the six txypto­
phan side-chains and including tho hydro­
phobic box already described (Fig. 4). 
Thrco of thoso tryptophan side-chains, 62, 
63 nnd 123, protrude, however, hoyond the 
molecular boundary and there are in addi­
tion a number of strongly hydrophobic 
side-chains clearly on the molecular surface 
(for example, Val 2, Pho 3, Phe 34, Lou 17). 

Thus, residues 92 and 93 aro included in a length of helix 
and their side-chains have strongly contrasted appear­
ances. That of 92 is clearly forked close to the helix and 
is surrounded by a clear rogion of low electron density, 
whilo the side-chain of residue 93 is longer and approaches 
much more nearly to neighbouring density. It is probable, 
therefore, that the sequence 92-93 is valine- asparagine' 
rather than asparagin~valine•. In the second case, the 
side-chains associated with residues 40-42, which are in a 
non-helical region, appear to be much moro consistent 

40 

On tho other hand, the parts of the 
moloculo most shioldod from contact with 
surrounding liquid appo11r to includo Fig. 6. Primary structure (ref. 5) showing (continuous line) the residues found In a-helical 

conformation am] those in the apparent binding site (underlined) 
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(by similar arguments) with the sequence Thr-Gln-Ala 4 

than with Gln-Ala-Thr'. The third ambiguity, between 
isoleucine and asparagine in positions 58 and 59, has 
already been referred to. In this case the differences 
between the two densities are less clear, but on balance 
that associated with residue 58 seems more consistent 
with asparagine• than with isoleucine• even though this 
residue can be regarded as being inside the molecule . 
Its environs include the disulphide bridge 76-94 and Leu 
83, but a lso serine 91, and there is an unexplained neigh­
bouring patch of density which could represent an in­
cluded water molecule . It is hoped that the detailed 
analysis of side-chain interactions which is now in progress 
will resolve this uncertainty. 

In addition to the primary structure there arc, of 
course, very many chemical data on the physical and 
chemical properties of lysozyme which cannot be discussed 
here, but which are expected to be interpretable eventually 
in terms of the detailed structure. Something must now 
be said, however, about amino-acid residues probably 
concerned in the enzymatic activity, a subject on which 
there is so far rather little definite chemical evidence. 

Inhibitor Binding Site 

The following article describes the location at low 
resolution of the site of attachment of N-acetyl-glucos­
amine and its dimer, chitobiose, both of which molecules 
act as competitive inhibitors of lysozyme. They attach 
themselves, at least in this crystal structure, in a cleft 
in the surface of the molecule which runs nearly vertically 
down the middle of Fig. 5 and which can be seen clearly 
in the low-resolution model (Fig. 1, ref. 7). The amino-acid 
residues bounding this portion of the molecular surface 
come from various parts of the polypeptide chain and are 
indicated in Fig. 6. Clearly, further examination is required 
to establish whether this site represents the binding site 
of substrate molecules, but for the present it seems a 
reasonable hypothesis that it does so and that the proper­
ties of these residues may well repay detailed investigation. 
In accordance with chemical evidence 29- 82 , they include 
three tryptophans, now shown to b e 62, 63 and 108, but 
not the single histidine which is located on t.hc opposite 
side of the molecule. 
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STRUCTURE OF SOME CRYSTALLINE LYSOZYME-INHIBITOR COMPLEXES 
0 

DETERMINED BY X-RAY ANALYSIS AT 6 A RESOLUTION 

By M1ss LOUISE N. JOHNSON and DR. D. C. PHILLIPS* 

Davy Faraday Research Laboratory, Royal Institution, 21 Albemarle Street, London, W.l 

A RECENT investigation of the azide derivative of 
sperm-whale myoglobin' has shown that the inter­

actions of proteins with small molecules can be examined 
in crystals when the phases of reflexions from isomorphous 
unsubstituted-protein crystals are known. The difference 
Fourier method is used in which the changes in structure 
amplitude caused by the introduction of tho small mole ­
cule are combined with the known phases to give a map 
showing the change in electron density. The work on 
myoglobin' was done at 2 A resolution; but we have now 
shown that interesting results can be obtained by this 
method at 6 A resolution even when the substituted mole­
cules comprise only light atoms. The m ethod depends 
on the existence of precise phase information for the 
protein crystals, information which is now available for 
lysozyme", and by its means we have been able to investi­
gate the structural relationship between lysozyme and a 

• Medical Research Council External Staff. 

number of compounds which are related t.o the substrate 
of the enzyme and which act as competitive inhibitors 
of its action. In this way we have been able to locate a 
part of the molecule which may be responsible for its 
enzymatic activity. 

Lysozyme has a ~(l-4) glucosaminidase activity with 
the ability to hydrolyse a mucopolysaccharide component 
of some bacterial cell walls releasing N -acetyl amino 
sugars derived from glucosamine and muramic acid8• 

The proposed structure of a tetrasaccharide' isolated from 
the cell wall of Micrococcus lysodeikticus, which is made 
up of alternate N-acetylglycosamine and N-acetyl 
muramic acid units, is shown in Fig. 1 in which tho bond 
probably hydrolysed by lysozyme is indicated by an 
arrow. Lysozyme will also hydrolyse chitin•, the (1- 4) 
linked linear chain polymer of N-acetylglucosaminc, and 
Wenzel et al. 8 have shown that lysozyme will promote 
the cleavage of the trimer, tri-N-acetyl chitotriose, 
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