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E:;:ma')'- The three-dimensional structure of
chte-liype lysozyme (GEWL), dc?termmed by x-ray
Sirnili Ography and refined at high reso}utlon, has
White ;ltles to the structures of hen_(chlcken) egg-
Sozym, ysozyme (HEWL) and bacteriophage T4 ly-
sDOnde (T4L). The nature of the structural corre-
iver ence suggests that all three clgsses oflysozyme
even %;d from a common eyolutlonary precursor,
. ough their amino acid sequences appear to
Innre{ated (Griitter et al. 1983).
200s this paper we make detailed comparisons of
ZYmee-type’ chicken-type, and phage-type lyso-
tio 8. The lysozymes have undergone conforma-
Nal changes at both the global and the local level.
thsa:r;l the globins, there are corresponding a-helices
othe ave ggld-body displacements ‘relatw‘e to each
increr’ but in some cases correspondmg helices have
ereased or decreased in length, and in other cases
orpa are helices in one structure that have no coun-
It in another.,
En‘;dependent of the overall structural correspon-
nOtﬁ among the three lysozyme backbones is
ree er, dlsuqct correspoqdence between a set of
SeCutiCOIlsecutl.ve a-‘helices in GI‘EWL and three con-
SDOndve a-helices in T4I_d. This structural corre-
ergetice?ce could be due, in part, to a common en-
. th'a ly favorable contact between the first and
1rd helices.
€re are similarities in the active sites of the

th iy s .
¢ lysozymes, but also one striking difference.
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Glu 73 (GEWL) spatially corresponds to Glu 35
(HEWL) and to Glu 11 (T4L). On the other hand,
there are two aspartates in the GEWL active site,
Asp 86 and Asp 97, neither of which corresponds
exactly to Asp 52 (HEWL) or Asp 20 (T4L). (The
discrepancy in the location of the carboxyl groups
is about 10 A for Asp 86 and 4 A for Asp 97.) This
lack of structural correspondence may reflect some
differences in the mechanisms of action of the three
lysozymes. When the amino acid sequences of the
three lysozyme types are aligned according to their
structural correspondence, there is still no apparent
relationship between the sequences except for pos-
sible weak matching in the vicinity of the active
sites.
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Introduction

It is well known that the amino acid sequences and
three-dimensional structures of proteins change
during evolution. Given sufficient time, proteins
coded for by different genes may change to such an
extent that it is no longer obvious they came from
the same precursor. A prototype of this is provided
by the nucleotide-binding domains of different de-
hydrogenases (Rossmann et al. 1974). These do-
mains have structural similarity but little if any ami-
no acid sequence homology, and it is not obvious
whether the different nucleotide-binding domains
evolved from a common precursor or arose inde-
pendently.
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Table 1. «-Carbon coordinates for goose egg-white lysozyme
Residue X Y VA Residue X Y Z Residue X Y z

1 Arg 6.5 33.0 50.3 63 Pro 4.4 27.5 41.2 126 Thr 14.8 43.7 34.7
2 Thr 5.4 32.7 46.7 64 Ala 1.4 27.9 38.9 127 lle 11.2 44.6 33.8
3 Asp 4.1 36.2 46.1 65 Val 3.6 30.3 36.7 128 Gin 10.7 46.0 37.4
4 Cys 7.2 38.2 458 66 Ile 6.4 27.6 36.6 129 Lys 13.6 48.4 36.8
5 Tyr 6.7 39.0 42.2 67 Ala 3.7 25.1 35.6 130 Lys 12.5 49.2 33.3
6 Gly 2.9 39.2 42.0 68 Gly 2.3 27.5 33.0 131 Phe 9.0 50.2 34.2
7 Asn -0.3 37.1 41.7 69 lle 5.8 279 314 132 Pro 8.8 51.2 37.9
8 Val -1.1 355 38.4 70 Ile 6.4 24.1 315 133 Ser 5.4 52.9 37.3
9 Asn -4.9 35.7 3%.1 71 Ser 3.1 235 29.8 134 Trp 3.8 49.4 36.7
10 Arg ~4.8 39.5 39.0 72 Arg 3.9 26.1 27.1 135 Thr 2.0 47.3 39.3
11 Ile ~33 39.7 35.5 73 Glu 7.6 25.2 26.6 136 Lys 3.9 44.3 40.5
12 Asp —-54 40.4 32.5 74 Ser 7.5 214 26.6 137 Asp 1.5 42.0 38.6
13 Thr -5.0 37.9 29.8 75 His 3.9 20.2 27.4 138 GIn 2.0 43.9 35.4
14 Thr ~-6.3 37.3 26.3 76 Ala 5.4 18.9 30.6 139 GIn 5.7 43.6 35.9
15 Gly —-4.9 33.8 26.4 77 Gly 8.1 16.9 28.8 140 Leu 5.1 39.8 36.3
16 Ala ~3.8 31.7 23.4 78 Lys 58 15.1 26.3 141 Lys 3.4 39.6 33.0
17 Ser ~3.5 33.1 19.9 79 Val 7.3 16.7 233 142 Gly 6.2 41.5 31.2
18 Cys -5.2 31.0 17.2 80 Leu 10.9 16.3 24.4 143 Gly 8.8 39.3 32.9
19 Lys -1.6 30.5 16.0 81 Lys 13.6 13.8 233 144 Ile 7.1 36.3 314
20 Thr ~1.1 28.6 19.3 82 Asn 15.9 13.0 26.2 145 Ser 7.0 37.9 28.0
21 Ala ~4.5 26.9 19.5 83 Gly 15.1 16.6 27.5 146 Ala 10.7 38.6 28.2
22 Lys -5.3 25.5 16.1 84 Trp 15.8 18.3 24,2 147 Tyr 11.3 35.0 29.1
23 Pro ~2.0 23.5 15.7 85 Gly 13.3 20.3 22.1 148 Asn 10.4  34.2 25.5
24 Glu ~2.7 222 19.2 86 Asp 12.8 19.7 18.3 149 Ala 11.6 37.3 23.6
25 Gly -59 209 175 87 Arg 156 219 172 150 Gly 140 393 258
26 Leu -85 232 188 88 Gly 181 206 198 151 Ala 134 425 278
27 Ser -11.1 250 1638 89 Asn 18.6 241 215 152 Gly 142 444 247
28 Tyr —-11.3 28.1 19.1 90 Gly 16.2 24.0 244 153 Asn 10.9 43.2 23.2
29 Cys -88 304 207 91 Phe 168 216 273 154 Val 89 446 26
30 Gly -83 326 237 92 Gly 145 203 300 155 Arg 83 483 252
31 Val -8.3 320 275 93 Leu 109 210 312 156 Ser 47 487 265
32 Ser -105 290 27.3 94 Met 113 248 309 157 Tyr 22 469 286
33 Ala -82 274 247 95 Gin 135 247 278 158 Al —0.5 466 258
34 Ser -52 280 270 96 Val 16.6  26.6  28.8 159 Arg 1.7 453 230
35 Lys -7.0 264 299 97 Asp 18.4 276 255 160 Met 43 433 250
36 Lys -80 234 217 98 Lys 219 261 254 161 Asp 3.5 399 235
37 Il -44 229 267 99 Arg 230 289 230 162 Tie 37 411 199
38 Ala -33 234 303 100 Ser 224 314 259 163 Gly 6.9 396 185
39 Glu . -58 207 313 101 His 229 295 2911 164 Thr 6.9 367 210
40 Arg -45 183 286 102 Lys 248 263 298 165 Thr 63 332 195
41 Asp -1.1 186 303 103 Pro 220 239 310 166 His 28 333 181
42 Leu —-2.2 18.3 339 104 GIn 22.3 225 34,5 167 Asp 2.4 36.9 19.5
43 Giln -1.6 14.6 34.4 105 Gly 20.9 19.2 36.0 168 Asp 0.9 35.6 22.7
44 Ala 2.0 14.9 33.1 106 Thr 18.6 16.4 34.8 169 Tyr 3.5 34.1 24.9
45 Met 2.5 18.1 35.1 107 Trp 16.1 17.5 32.2 170 Ala 2.8 35.7 28.2
46 Asp 1.4 16.2 38.2 108 Asn 13.3 17.0 34.6 171 Asn -1.0 36.0 27.6
47 Arg 4.6 14.0 38.1 109 Gly 14.7 17.7 38.1 172 Asp —-1.1 32.2 27.1
48 Tyr 6.5 17.1 38.9 110 Glu 15.0 20.4 40.7 173 Val 1.2 313 29.9
49 Lys 4.1 19.0 41.1 111 Val 18.3 21.8 39.4 174 Val -0.7 33,5 323
50 Thr 6.1 18.6 444 112 His 168 223 360 175 Ala -40 318 313
51 lle 9.3 198 429 113 Ile 13.6 239 374 176 Arg -25 284 317
52 Ile 75 227 410 114 Thr 157 262 396 177 Ala -1.0 294  35.1
53 Lys 6.1 23.8 44.3 115 Gin 17.8 27.3 36.7 178 GIn -4.5  30.5 36.2
54 Lys 9.4 23.2 46.2 116 Gly 14.8 28.0 34,5 179 Tyr —5.8 26.9 35.4
55 Val 112 256 437 117 Thr 130 299 373 180 Tyr -30 254 374
56 Gly 84 282 437 118 Thr 160 319 381 181 Lys -35 27.8 403
57 Glu 85 283 475 119 Ile 163 330 345 182 Gln -70 263 407
58 Lys 12.3 28.5 47.5 120 Leu 12.7 34.0 347 183 His -55 228 40.7
59 Leu 125 314 450 121 Ile 131 360 380 184 Gly -34 232 438
60 Cys 9.2 33.1 46.1 122 Asn 16.0 37.9 36.4 185 Tyr -03 2438 42.2
61 Val 7.4 329 42.8 123 Phe 13.7 38.9 33.6

62 Glu 4.1 31.2 42.1 124 Ile 11.0 40.0 36.1

Coordinates are in angstroms in an orthogonal system with axes parallel to a, b, and c¢* and origin at the crystallographic origin
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In an attempt to distinguish between convergent
" divergent evolution of related protein struc-
ur:s’ We have determined and compared the struc-
si()ns of a series of lysozymes. The three-dimen-
Cla al structures of lysozymes from four distinct
Zymses have been reported: (1) chicken-type lyso-
(Blali’ typified by hen egg-white lysozyme (HEWL)
Yo € €t al. 1965; Imoto et al. 1972); (2) lysozyme
in Itn bacteriophage T4 (T4L) (Matthews and Rem-
yfoon 1974; Remington et al. 1978); (3) goose-type
ser Zyme from the egg white of Embden Goose (4n-
so“{lser) (GEWL) (Griitter et al. 1983) this class
. Includes the lysozyme from Australian Black
oo (Isaacs et al. 1985); and (4) the bacterial ly-
m:vme produced by Streptomyces erythraeus (Sar-
Clas:t al, 19?9; Harada et al. 1981). Within a given
e lthe amino acid sequences of the lysozymes are
uer ¥ homologous, but there is no obvious se-
a e correspondence between one class and

Nother (Inouye and Tsugita 1966; Canfield and

cl
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Fig. I. Backbone conformation
of goose egg-white lysozyme
(GEWL), with disulfide linkages
indicated by dotted lines. The
active-site cleft is to the right

McMurry 1967; Canfield et al. 1971; Simpson et al.
1980; Schoentgen et al. 1982; Simpson and Morgan,
1983). In spite of the lack of agreement among their
amino acid sequences, the three-dimensional struc-
tures of GEWL, HEWL, and T4L have elements in
common, and in a brief report we argued that the
three classes of lysozyme probably diverged from a
common, albeit distant, precursor (Griitter et al.
1983).

The availability of accurate coordinates for GEWL
has permitted a detailed structural comparison of
the three classes of lysozyme. The comparison il-
lustrates the changes that are presumed to have oc-
curred in these enzymes during evolution. In this
communication we give additional details of the
structure of GEWL and describe its structural re-
lationship to HEWL and T4L.

In collaboration with Dr. V.R. Sarma (unpub-
lished results) we have compared the reported back-
bone conformation of Streptomyces erythraeus ly-
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sozyme (Harada et al. 1981) with those of HEWL,
T4L, and GEWL, but have not detected any obvious
resemblance.

Structure of Goose Lysozyme

The structure of GEWL was initially determined by
model building and refined based on 3.2-A and
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Fig. 2a-c. Structure comparison plots (Remington and Mat-
thews 1978, 1980) showing the root mean square C—C= corre-
spondences between all 40-residue backbone segments of the
three lysozyme pairs. The amino acid numbering in the figure
indicates the midpoint of the 40-residue segment; hence ther¢
are no comparisons within 19 residues of the end of a polypeptid®
chain (cf. McLachlan 1979). a GEWL vs HEWL; b GEWL vs
T4L; ¢ T4L vs HEWL. Contour levels are drawn at 1o, 2¢, 30
. . . below the average value, i.e., at approximately 7.3 A, 6.0A,
4.7 A, and 3.4 A (actual values of the major peaks are given in
Table 4). The solid lines marked with arrowheads show the res-
idues determined to be structurally equivalent by the method of
Rossmann and Argos (1976, 1977). In the case of GEWL vs T4L
an alternative set of equivalent residues is shown by dotted lines
(see text)

2.8-A resolution electron density maps (Griitter et
al. 1983). Data were collected for the native crystals
and five isomorphous derivatives by oscillation
photography (Rossmann 1979; Schmid et al. 1981)-
The resolution has since been increased to 1.6

and the refinement continued to a crystallographi¢
residual of 19.0% (L.H. Weaver and B.W. Mat-
thews, unpublished results). The C* coordinates ar®



Eiven in Table 1 and the structure is illustrated in
re:sg"dl' During refinement, the irregular loop from
. el Ques 1§O to 170 was reinterpreted, resulting in
numgns‘emon” of four residues and a res:ultant re-
TRbering of residues within the C-terminal helix.
as1th the exception of this change, the structure is
feported previously (Griitter et al. 1983).
on The structure is predominantly helical, with sev-
as Of{hellces (a,=~a;) including residues 19-24, 31~
) 8~'60, 62~74,111-131, 136-148, and 170-183.
. ©re is also a region within which three extended
Tands, comprising residues 83-86, 89-92, and 94~
s form a very irregular antiparallel 8-sheet.

Structure of Swan Lysozyme

;fhe Structure of the goose-type lysozyme from the
g8 White of the Australian Black Swan Cygnus atra-
zus 18 very similar to that of Embden Goose lyso-
yme (Isaacs et al. 1985). The C* atoms of swan
YS0zyme can be superimposed on those of GEWL
.th 4 root mean square discrepancy of 2.3 A. This
:crepans,y might be due in large part to errors in
nee c;Kmrdmates, and the swan lysozyme str_uctur‘e
theres to bg rgﬁned bc?fore it can bp c'ieterm1‘nec'1 if
tion are mgmﬁpant differences. Within the limita-
gOOseOf the available data, the ba}ckpones of the two
tent ‘FYDB ly.sozymes are very s'umlar., as is consis-
Wwhi Wlt%l th&'axr homologous amino acid sequences,
Ich differ in only six places (Simpson and Morgan
with ). For the comparison of goose-type lysozyme
the other lysozymes described in the remainder

§ paper, we have used the GEWL coordinates.

Comparison of Lysozyme Backbones

;he GEWL structure consists of two domains linked
ranpa" by a long a-helix (Fig. 1). This overall ar-
no.%em'{nt is reminiscent of T4L, although the ami-
ma €rminal residues of GEWL extend frgm one do-
moln 10 the other and thicken the “waist” of the
ron Ccule relative to the phage enzyme. The occur-
get}ie of three 8-strands in the “lower” domain, to-
. I8 with a predominantly a-helical “upper” do-
an (Fig. 1), suggests similarity with both HEWL
and T4L,
bogo Quantitate the relationship among the back-
met;s of GEWL, T4L, and HEWL, we used the
19 800(18 of both Remington and Matthews (1978,
) and Rossmann and Argos (1976, 1977).
stra he Remington-Matthews approach will detect
Qnecﬁlral correspondence between any segment of
. Structure and any segment of the other structure.
Tacture comparison plots for GEWL vs HEWL,
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Table 2. Best segment-segment backbone correspondences be-
tween lysozyme structures

R., Ro Ree = R
Segments compared A A o (A) o
40-Residue segment

GEWL HEWL

40-79* 342+ 33 8.66 1.19 4.5

22-61 77-116 5.1 3.0
103142 3-42 5.1 3.0
GEWL T4L

31-70 65-104 3.9 8.29 1.52 2.9

40-79 88-~127 3.9 2.9
108-147% 63-102* 4.1 2.8
T4L HEWL
108~147 69-108 3.7 8.60 1.35 3.6

90-129 4-43 4.5 3.0

74~113 3-42 4.6 3.0

20-Residue segment

GEWL HEWL

57-76* 20-39* 1.0 5.69 1.23 338
134-153 88-107 1.8 3.2
165-184 85-104 1.9 3.1
GEWL T4L
110~129*  60-79* 0.4 5.38 1.19 4.2
130~-149* 88-107%* 0.8 3.8
128-147 32-51 1.7 3.1
T4L HEWL

92-111 88-~107 1.6 5.58 1.22 3.3
136-155 80-99 1.9 3.0

Re. is the root mean square discrepancy between the listed
a-carbon segments, R, is the mean value of R, for all possible
segment alignments, o is the standard deviation of Rc,, and
(RS, — Re)/o is the number of standard deviations by which the
quoted value of R, is less than the mean value (cf. Remington
and Matthews 1980). Segment alignments marked with asterisks
correspond to the overall lysozyme correspondences given in
Table 5 and Figs. 2 and 3

GEWL vs T4L, and HEWL vs T4L calculated with
a probe length of 40 residues are shown in Fig. 2,
and the best segment comparisons for probe lengths
of 40 and 20 residues are summarized in Table 2.
In the Rossmann—Argos method, two structures
are compared by means of a rigid-body superposi-
tion designed to maximize the number of “equiv-
alences™ (i.e., spatially corresponding a-carbon at-
oms) in the two molecules. The results of using this
method for comparison of the different lysozymes
are summarized in Tables 3 and 4 and Figs. 3 and
4. Table 4 includes results for several other protein
comparisons. Protein pairs chosen for inclusion in
the table were, as far as possible, those for which
the amino acid sequences are known and the cor-
respondence between the sequences is poor or non-
existent. The protein pairs are ranked according 1o
the fraction of residues in the smaller protein (Mol-
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Table 3. Overall structural correspondence between lysozymes

Table 3. Continued

HEWL  dye GEWL dgr TAL drn HEWL HEWL dyq GEWL dgr T4L dry HEWL
A 1les8 0.9 Val96 1.7 His31 0.8 Tles8
Lysl Asp4l Asn59 0.6 Asp97 1.6 Leu32 1.6 Asn59
Val2 Leud2 Ser60 0.8 Lys98 20 Leu33 1.3 Ser60
Phe3 8.0 Gin43 Arg6l 0.7 Arg99 Thr34 Arg61
Gly4 52 Ala44 Trp62 0.4  Ser100 Lys35 Trp62
Arg$ 3.9 Met45 Trp63 0.9 Hisl01 A
Cys6 5.0 Aspd6 Cys64 1.4 Lys102 Leud6 6.8 Trp63
Glu7 6.0 Argd7 A Aspd7 5.6 Cys64
Leus 3.5 Tyr48 A Lys48 4.7  Asn65
AlaS 4.0 Lys49 A A
Alal0 3.6 Thr50 A Prol03 3.3 Ala49 42 Leu75
Alall 2.3 TSt Ala82 3.9 Ginl04 3.8 1e50 4.7 Cys76
Metl12 2.9 Iles2 Gly51 3.3  Asn77
Lysl13 3.2 Lyss3 Arg52 53 Iie78
Argl4 2.3 Lys54 Asn53 5.8 Pro79
Hisl$ 2.4  Val5$ Cys54 6.3 Cys80
Glyl6 4.5 Glysé Asn55 6.1 Ser8l
Leul? 49 Glus7 Leu83 3.7  Glyl0s Gly56 7.2 Ala82
A Lys58 Leu84 3.0 Thrl06 Val57 6.3 Leu83
A Leus9 Ser85 43 Trpl07 3.6 Tle58 5.0 Leu84
A Cys60 Ser86 43 Asni08 3.8 Thr59 3.5 Ser85
Tyr23 4.7 Val6l Asp87 27 Glylo9 38 Lys60 5.0 Ser86
Ser24 2.8  Glu62 A Asp87
Leu25 2.5 Pro63 Metl 4.4 Leu2s Te88
Gly26 1.3 Ala64 Asn2 3.5 Gly26 Ile88 1.7 Glull0 42 Asp6l 1.7 Thr89
Asn27 1.3  Val6s 2.5 Ile3 2.8 Asn27 Thr89 Glué2 1.3 Alag0
Trp28 1.3 Ile66 1.5 Phed 2.1 Trp28 Alaé3 1.5 Serol
Val29 1.2 Ala67 2.8 Glus 2.4 Val29 Glu64 1.6 Valoz
Cys30 1.5 Gly68 2.6 Met6 2.7 Cys30 Ala% 22 Vallll 22 Lys65 1.4 Asn93
Ala31 1.4 1le69 1.6  Leu7 1.8 Ala3l Ser91 1.9 Hisll2 19 Leu6é6 1.5 Cys94
Ala32 1.1 1e70 2.5 Arg8 1.7 Ala32 Val92 3.2 Tell3 2.5 Phe67 1.4  Ala95
Lys33 2.1 /S:r:l ; ; 26910 ;-: I};}y‘sgi Asn93 32 Thril4 1.9 Asn68 1.5 Lys96
Phe34 2.7 72 . sp . e —
Cys94 1.9 Ginll5 1.9 GIné9 1.2 Lys97
Glu3s 1.9 Glu73 20 Glull 1.6 Glu3s Al2S5 22 Gylls 26 Asp70 L3 198
Ser36 Lys96 3.9 Thrl17 23 Vval7l 1.7 Val99
Asn37 Lys97 37 Thrl18 1.8 Asp72 1.7 Serl00
Ser36 2.0 Ser74 3.1 Glyl2 4.6 Phe38 11e98 1.8 Ilell9 29 Ala73 2.2 Aspl0l
Asn37 2.7 His75 4.9 Leul3 4.4 Asn39 Val99 1.9 Leul20 29 Ala74 44 Gly102
Phe38 2.7 Ala76 Ser100 3.9 1Ilel2l 2.5 Val7s 42 Asnl03
Asn39 3.0 Gly77 Aspl0l 40 Asnl22 Gly104
Lys78 Glyl02 3.7 Phel23
Thr40 Val79 5.8 Argl4d 3.0 Thrd0 Asnl03 6.0 Ilel24
Leu80 5.7 Leuls5 4.0 Glndl Lysl25 4.5 Arg76
Lys81 3.4 Lysl6 6.6 Alad42 Thri26 4.5 Gly77
Gln4t 4.7 Asng2 Nel27 42 Ie78
Alad2 3.0 Gly83 A
Thr43 1.4 Trp84 1.5 llel? 49 Thr43 Gin128 3.4 Lys85
Asnd4 0.9 Gly85 1.7 Tyrl8 3.3 Asnd44 Lys129 3.8 Pro86
Argd5 3.7 Asp86 1.9 Lysl9 2.5 Argds Lysi30 4.4 Valg7
Asnd6 3.4 Argg? Asp20 Phel3l 4.8 Tyr88
A Gly88 Thr21 Prol32 3.6 Asp89
N Glu22 4.(7) Asn:_? Seri33 3.0 Ser90
A Gly23 4.7 Thr . ——
Thrs1 0.8 Asn89 3.8 Tyr24 59 Aspd8 $h‘"’;i§‘; ;g oy
Asps2 0.6 GIyo0 42 Ty25 60 Glydd Lysi36 3.8 Al29)
Ser50 Aspl37 30 Valo4
Thrs1 Glnl38 2.2 Arg9s
Tyr53 0.7 Phe9l 34 Thr26 1.2 Asp52 GInl39 2.8 Arg96
Gly54 0.6 Gly92 3.0 Tie27 1.2 Tyrs3 Leuldd 23 Cys97
Tles5 1.1 Lew93 2.5 Gly28 2.8 Glys4 Lysi4l 1.2 Ala98
Leus6 1.0 Met94 1.3 Ile29 3.8 Ile55 Glyl42 1.3 Leud9
Leus6 Glylo4 1.9 Glyld3 1.8 Tiel00
GIn57 09 Gln95 1.9 Gly30 1.7 Gln57 Met105 2.0 Tleld4 12 Asnl0l 42 Meti05




Table 3, Continued
HEWL 4., GEWL d,, T4L drm HEWL
Alal07 37 At 1.8 Vall03 38 Alalo7
5;1131138 39 Tyrl47 1.5 Phelo4 2.6 TrplO8
9 39 Asnl48 1.4 Gnl05 Vall09
Alal49 1.8 Metl06
Gly150 3.7 G107
Alal51 3.7 Glul08
Glyl52 3.6 Thrl09
Asnl53 4.0 Glyll0
Vallll
Alall2
Glyl13
Vall54 3.7 Phelld
Argl5s 2.9 Thrll5
Asnllé
Ser117
Leull8
Serl56 4.8 Argll9
Tyrl57 5.3 Metl20
Alal58 A
Argls9 3.4 Asnl32
Metl60 3.9 Leul33
Asplél 5.7 Alal34
llel62 4.7 Lys135
Glyl63 3.3 Serl36
Thrl64 6.1 Argl3?
Thr165 4.2 Trpl38
Hisl66 4.1 Tyrl39
Asnl40
Ginl4l
Alal1g Aspl67 4.9 Thrl42
Tepl1) Aspl68 4.5 Prold3 Alall10
Tyrl69 6.9 Asnl44 Trplll
fg& 17 Alal70 59 Argl4s Argl12
Suli3 48 Asnl71 5.2 Alalaé 3.4 Asnll3
8’314 1.8 Aspl72 53 Lysld7 4.7 Arglld
LySHS 1.6 Vvall73 5.6 Argld8 4.7 Cyslls
G 6 26 vall74 Vvall49 4.0 Lyslilé
Tll1y“7 52  Alal7s lel50 62 Glyll17
118 62  Argl76 Thrl51 4.6 Thrl18
3;11’1“9 Alal60 5.9 Aspll9
G1n120 28 Alal77 Tyrl6l 4.9 Vall20
Al\’-l 3.9 Gnl78 Lysl62 6.9 Glnl2l
Tr:1122 30 Tyr179 Asnl63 5.7 Alal22
lelzii* 0.6 Tyrl80 Leulé4 6.3 Trpl23
Arg] 34  Lysi81 A
oo 24 Ghis2
ny126 42 Hisl83
127 28 Gly1s4
Tyr185
Egﬁ?{;"’e lysozyme backbones are aligned according to the meth-

twe, Ossmann and Argos (1976, 1977). Distances in angstroms
N “equivalent” a-carbon atoms are denoted by d,,, €.g.,
d:i:éor HEWL and GEWL. Triangles indicate that residues are
sing] d. Aml_no acids that are the same in two lysozymes have
€ underlines; a double underline indicates identity in all three
S0zyme structures

e .
:lllle 2) that have structurally equivalent counter-
o TS in the larger protein. However, different meth-
S of defining “equivalences™ were used in some

C
gi?fis’ 80 the ranking should be taken only as a rough
e,
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The relationships between the different lyso-
zymes given in Table 3 are similar, but not identical,
to those given previously (Rossmann and Argos
1976; Matthews et al. 1981a, b; Griitter et al. 1983).
The differences are due in part to the refinement of
the respective coordinates, but also are character-
istic of the structure comparison procedure. The
Rossmann-Argos program employs a complicated
algorithm that, in our hands, rarely converges to a
well-defined optimum structural correspondence.
Rather, the program usually oscillates between a
number of alternative structural alignments that are
similar in their main features but can differ sub-
stantially in detail. The user has to make a somewhat
arbitrary choice among these alternatives. There is
another problem that occurs when one is trying to
obtain an internally consistent alignment of three
(or more) structures, as is the case here. For example,
in Table 3 Asn 27 of HEWL aligns with Val 65 of
GEWL, which aligns with Ile 3 of T4L, which in
turn aligns with Asn 27 of HEWL. However, Ala
90 of HEWL aligns with Val 111 of GEWL, which
aligns with Lys 65 of T4L, which aligns with Asn
93 (not Ala 90) of GEWL. There are other such
inconsistencies, often corresponding to alternative
alignments in which two «-helices are *““‘out of reg-
ister” by one turn. The structural alignments shown
in Table 3 were chosen as a compromise between
maximizing the number of “equivalences” between
the respective lysozymes and achieving internal
consistency.

The transformations that relate the three lyso-
zyme structures are given below. The respective ly-
sozyme coordinates are in angstroms in orthogonal
Cartesian coordinate systems: (Xy, Yy, Zy) for
HEWL (Imoto et al. 1972) and (X1, Y, Zp) for T4L
(Remington et al. 1977; L.H. Weaver, T. Gray, and
B.W. Matthews, unpublished results). The GEWL
coordinates (Xg, Yg, Zg) are in an orthogonal sys-
tem parallel to the crystallographic a, b, and c* axes,
with the origin coincident with the origin of the unit
cell.

(a) HEWL and GEWL:

0.1470Xy — 0.6142Yy + 0.7754Z + 9.29 = X
(1) 1 —0.2673X,; — 0.7301Yy + 0.6290Z, — 0.99 =Y,
—~0.9523X,; — 0.2997Yy; — 0.0568Z, + 39.33 =2,

(b) T4L and GEWL:
—0.3174X; + 0.6352Y; + 0.7041Z; + 19.00 = X4
(2) { —0.8425X; + 0.1520Yy — 0.5168Z; + 70.02 = Y,
—0.4353X; — 0.7572Y; + 0.4869Z; + 34.32 =Z;
{c) HEWL and T4L:
{ 0.5401Xy — 0.5097Y, — 0.6697Z, + 64.83 = X;
(3

0.7950Xy + 0.0479Y,, + 0.6047Z, — 23.12 =Y,
—0.2761Xy — 0.8590Yy + 0.4311Zy + 2542 =Z;

We will first discuss the relationships among the
backbone conformations of the three lysozyme types,
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Table 4. Structural comparisons of proteins with weak or nonexistent sequence matching®

Number of Percentage of
Proteins® residues Number equivalences Rms
of equiv- a Co—C= Refer-
Mol. 1 Mol. 2 Mol. 1 Mol. 2 alences Mol.1 Mol 2 (Ay MBC/C¢ ence*
Rhod.(1) Rhod.(2) 142 135 117 82 87 2.0 1.27 1
GEWL HEWL 185 129 94 S1 73 2.8 1.38 2
TIM KDPG Ald. 248 225 150 60 67 3.0 1.43 3
GPD(NAD) LDH(NAD) 148 144 96 65 67 2.9 1.24 4,5
Hb(8) Cyt.bs 146 86 58 40 67 3.9 1.29 5,6,7
TIM PK(A) 247 216 143 58 66 3.2 - 3,8
CON A TBSV(P) 237 110 68 29 62 34 —_ 9
SBMV(A) STNV 187 173 104 56 60 3.7 1.36 10, 11
T4L HEWL 164 129 76 46 59 3.9 1.45 5,2
GEWL T4L 185 164 92 50 56 3.5 1.45 2
ARep.(DNA) Cro 92 66 36 39 55 3.1 1.24 12
Cyt.bs Cyt.bss, 86 82 41 48 50 4.9 - 6
CAP(DNA) Cro 73 66 31 42 47 3.1 1.52 13
SOD Vo 150 110 51 34 46 2.7 — 14
HBH(FAD) GR(FAD) 164 161 69 42 43 1.2 - 15
P.Peps.(1) P.Peps.(2) 181 150 61 34 41 2.0 - 16
GEWL(A) T4L(A) 185 164 52 28 32 2.7 1.35 2
LDH(NAD) Flavod. 144 138 39 27 28 2.4 1.23 17

* This compilation is taken in part from Matthews and Rossmann (1985)

b Mol., molecule; Rhod.(1) and Rhod.(2), first and second domains of rhodanese; GEWL, goose egg-white lysozyme; HEWL, hen
(chicken) egg-white lysozyme; TIM, triosephosphate isomerase; KDPG Ald., 2-keto-3-deoxy-6-phosphogluconate aldolase; GPD(NAD),
nucleotide adenine dinucleotide (NAD)-binding domain of glyceraldehyde-3-phosphate dehydrogenase; LDHINAD), NAD-binding
domain of lactate dehydrogenase; Hb(3), 8-chain of horse hemoglobin; Cyt.bs, cytochrome b;; PK(A), domain A of pyruvate kinase;
Con A, concanavalin A; TBSV(P), P-domain of tomato bushy stunt virus; SBMV(A), A-subunit of southern bean mosaic virus;
STNYV, satellite tobacco necrosis virus; T4L, bacteriophage T4 lysozyme; ARep.(DNA), DNA-binding domain of A repressor protein;
Cro, cro repressor protein; Cyt.bss;, cytochrome bss,; CAP(DNA), DNA-binding domain of catabolite gene activator protein; SOD,
superoxide dismutase; V,, variable domain of immunoglobulin light chain; HBH(FAD), flavin adenine dinucleotide (FAD)-binding
domain of p-hydroxybenzoate hydroxylase; GR(FAD), FAD-binding domain of glutathione reductase; P.Peps.(1) and P.Peps.(2);
first and second domains of penicillopepsin; GEWL(A) and T4L(A), alternative alignment of GEWL and T4L (Figs. 2 and 5); Flavod.,

flavodoxin

< Root mean square distance between equivalent a-carbons of molecules

4 Minimum base change per codon for the residues that are structurally equivalent in the structures being compared

¢ References are as follows: (1) Ploegman et al. (1978); (2) this work; (3) Lebioda et al. (1982); (4) Rossmann et al. (1974); (5) Rossmann
and Argos (1976); (6) Argos and Rossmann (1979); (7) Rossmann and Argos (1975); (8) Levine et al. (1978); (9) Argos et al. (1980);
(10) Liljas et al. (1982); (11) Rossmann et al. (1983); (12) Ohlendorf et al. (1983); (13) Steitz et al. (1982); (14) Richardson et al-
(1976); (15) Wierenga et al. (1983); (16) Tang et al. (1978); (17) Rao and Rossmann (1973)

and then consider the correspondence among the
respective active sites, Next we will ask whether the
structural alignment reveals any underlying amino
acid homology, and finally we will consider the pos-
sible evolutionary relationship among the three ly-
sozymes.

Backbone Conformational Relationships

The percentage of residues that are “equivalent” in
any pair of the three lysozymes considered here is
reasonably high relative to other examples that have
been reported (Table 4). However, there are many
differences in conformation at the local level. This
is seen most clearly in Figs. 2 and 3 and Table 2.
In general, the equivalent residues do not fall into
long, uninterrupted stretches, but tend to be broken
up into segments of about 5 to 15 residues. Also,

the equivalent residues determined by the method
of Rossmann and Argos are not necessarily those
that have the best local agreement (as measured
using probe lengths of 20 and 40 residues). One
could imagine a protein to be made up of more-or-
less rigid substructures or subdomains that would
tend to be conserved during evolution. Such a hy-
pothesis is not supported by the observed relation-
ship among the structures described here. If the three
lysozymes diverged from a common evolutionary
precursor, then this process has not precisely con-
served local substructures, except at the level of in-
dividual o-helices and (-sheets. Rather, the lyso-
zymes have undergone conformational changes at
both the global and local levels.

From an analysis of the globins, Lesk and Chothia
(1980) concluded that the packing of a-helices tends
to be conserved during evolution, but that the he-
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Fig. 3. Structural correspon-

dence between goose, hen, and
T4 phage lysozymes. The con-
nected solid bars indicate parts
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when the lysozymes are com-
pared in pairs by the method of
Rossmann and Argos (see text).
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HEWL,; Glu 11 and Asp 20 of
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20 ¢ T4L; and Glu 73, Asp 86, and

Asp 97 of GEWL

Fig. 4. Simplified drawing of
GEWL showing those parts of
the structure that are common to
hen and to phage lysozymes.
Parts common to all three lyso-
zymes are indicated by a brick-
like pattern, parts common to
GEWL and HEWL are dotted,
parts common to GEWL and
T4L are dashed, and parts that
occur only in GEWL are shown
as open areas. [Reprinted, with
permission, from Griitter et al.
(1983); copyright © 1983, Mac-
millan Journals, Ltd.]

sponding helices have increased or decreased in
length or helices in one structure have no counter-
parts in another (Figs. 3 and 4).

The “overall” alignment of GEWL and T4L has
92 equivalent a-carbons with a root mean square
discrepancy of 3.5 A, and aligns a4-B31-f-85-ces-aig Of
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GEWL with «,-8,-8,-8;-a;-as of T4L. The compar-
ison plot of GEWL with T4L with a probe length
of 40 residues (Fig. 2b) includes the expected ex-
tended minima corresponding to this alignment.
However, there is another extended minimum sug-
gesting a different correspondence between parts of
these two molecules. Indeed, this is the case. There
are 52 a~carbons of GEWL and T4L that are equiv-
alent with a root mean square discrepancy of 2.7 A.
These equivalences are included in Fig. 2 and pre-
dominantly include the superposition of the second,
third, and fourth a-helices of GEWL on the third,
fourth, and fifth helices of T4L. Within these three
helices, 40 consecutive residues superimpose within
2.47 A (Fig. 5).

This remarkable agreement between the as-a4-as
helices of T4L and the «a,-a;-a, helices of GEWL
seems to have arisen because it is an energetically
favorable packing arrangement determined, in part,
by the helix-helix interactions where the first and
third helices cross. Chothia et al. (1977) have shown
that such helix-helix contacts are normally restrict-
ed to three classes, characterized by angles between
the helices of about —82°, —60°, and +19°. Indeed,
the helix-helix angle in Fig. 5, as defined by Chothia
et al. (1977), is —70° a common packing angle.

Fig. 5. Structural correspondence of three
consecutive a~helices in GEWL and T4L.
GEWL backbone shown open and labeled
“@G,” T4L backbone drawn solid and labeled
“T.” (This structural correspondence is not re-
lated to the overall alignment of the two
structures shown in Fig. 4)

Fig. 6. Stereo drawing of the GEWL back-
bone, with the coordinates of a tetrasaccharide
bound to HEWL (Ford et al. 1974) trans-
formed, using Egs. (1), into the GEWL coor-
dinate system

Since the same part of T4L (approximately residues
60-110) has structural similarity to two parts of
GEWL (approximately residues 30-80 and 110-160)
(Fig. 2), it might be expected that the two parts of
GEWL correspond. Indeed, the as-strand-o unit
and the «,-a;-a, helices of GEWL can be approxi-
mately superimposed, but the overall correspon-
dence is less precise (53 residues equivalent within

4.3 A).
Active Site Relationships

In a previous comparison of the active sites of T4L
and HEWL we found close similarity in the arrange-
ment of key elements involved in substrate binding
and in catalysis (Matthews et al. 1981a,b).

In order to explore the overall relationship be-
tween the active site of GEWL and those of the other
lysozymes, we used Egs. (1) to transform the co-
ordinates of a tetrasaccharide bound to HEWL (Ford
et al. 1974) into the GEWL coordinate system; the
result is shown in Fig. 6. The saccharide occupies
the active site region in a very reasonable manner.
Recently, the binding of the trisaccharide (N-ace-
tylglucosamine); to GEWL has been determined
experimentally from a difference Fourier map at
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Fig. 7a, b. a Potential substrate-binding and
catalytic residues in the active site of GEWL
superimposed on the active site residues and
trisaccharide for HEWL. The two sets of coor-
dinates were superimposed to minimize the
discrepancy between GEWL (Glu 73; 95-97
backbone; 146—-147 backbone) and HEWL
(Glu 35; 57-59 backbone; 107-108 backbone)
(20 atoms with root mean square discrepancy
of 1.47 A). GEWL shown with solid bonds
and upper-case labels; HEWL, with open
bonds and lower-case labels. Oxygen atoms
e are drawn solid, nitrogens half solid, and car-
bons open. Observed hydrogen bonds for
HEWL are drawn dotted. b Active site resi-
dues of GEWL superimposed on T4L active
site with a trisaccharide as presumed to occu-
py the C-D-E subsites (Anderson et al. 1981).
Superposition based on the best alignment of
GEWL (Glu 73; 95-97 backbone; 146-147
backbone) and T4L (Glu 11; 30-32 backbone;
104-105 backbone) (20 atoms with root mean
square discrepancy of 1.97 A). GEWL drawn
with solid bonds and upper-case labels. T4L
has open bonds and lower-case labels. Sym-
bols for atoms and hydrogen bonds as in a

there are segments of the GEWL backbone in the
active site region that are similar to those seen in
T4L and HEWL. However, the counterpart in
GEWL to Asp 52 (HEWL) and Asp 20 (T4L) is not
obvious. One possibility is Asp 86 (GEWL), which
is located in the first 8-sheet strand, a position anal-
ogous to that of Asp 20 of T4L (Griitter et al. 1983;
Isaacs et al. 1985). However, in three dimensions
the superposition of Asp 86 (GEWL) on Asp 20
(T4L) is poor, with the respective carboxyl groups
about 11 A apart (Fig. 7b). Similarly, the carboxyl
at Asp 86 (GEWL) is about 10 A from the carboxyl
of Asp 52 (HEWL) (Fig. 7a). A second candidate
for the “catalytic aspartate” in GEWL is Asp 97. In
the respective active site superpositions (Fig. 7), Asp
97 (GEWL) is in better correspondence with Asp 52
(HEWL) and Asp 20 (T4L) than is Asp 86. On the
other hand, the superposition is not perfect; the re-
spective carboxyl groups are still about 4 A apart.
This lack of a clear counterpart in GEWL to the
active site aspartates in HEWL and T4L leaves open
several possibilities. For example, one or more of
the lysozymes may undergo substantial conforma-
tional change during catalysis as a result of which
the respective aspartates are brought into compa-
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Table 5. Active site sequence alignment based on lysozyme structural correspondence®
73 80 84
GEWL Arg Glu Ser His Ala Gly Lys Val Leu Lys Asn Gly Trp
35 40 43
HEWL Phe Giu  Ser Asn Phe Asn Thr - - Gin Ala Thr
11 17
T4L Asp Glu Gly Len Arg - —_ Leu Lys —_ - Ile
33 40
EG-SC Asn Glu Ser Cys Ala Glu Phe Gly Asn —_ Gin —_ -
86 90 97
GEWL Gly Asp Arg Gly Asn Gly Phe Gly Leu Met Gln Val Asp Lys
44 50 52
HEWL - Asn Arg — Asn Thr Asp Gly Ser - - Thr Asp Tyr
18 20
T4L - Tyr Lys - - — — — — — - Asp Thr
42 50
EG-SC - - - - Asn  Ile Pro Gly Val Lys Asn  Thr Asp  Tyr

*EG-SC is an endo-8-1,4-glucanase from Schizophyllum commune (Yaguchi et al. 1983). Underlined residues are those shared by

two Or more sequences

rable stereochemical positions (although there is no
crystallographic evidence for large conformational
change in any of the lysozyme-saccharide com-
plexes for which structures have been determined).
A second, less likely possibility is that the catalytic
activity of GEWL does not require a counterpart to
the presumptive ‘“catalytic” aspartates seen in
HEWL and T4L. It should be kept in mind that
although all three lysozymes cleave the same §-1,4
glycosidic bond, they differ in their specificities to-
ward saccharides with different substituents (Arn-
heim et al. 1973; Kleppe et al. 1981) and their
reactivities toward epoxypropyl 3-glycoside inhib-
itors (Sharon ¢t al. 1974). Studies of the binding of
saccharides to GEWL are in progress and may clar-
ify these uncertainties.

Amino Acid Sequences

It is generally accepted that there is no statistically
significant overall correspondence between the ami-
no acid sequences of GEWL, HEWL, and T4L. Our
own analysis (not shown) by the method of Fitch
(1966) supports this finding. However, it is still pos-
sible that limited sequence correspondence may ex-
ist in, for example, the respective active sites or
other limited segments. Jollés and coworkers (Jollés
et al. 1981; Schoentgen et al. 1982) have proposed
sequence matching between two segments of ostrich
lysozyme (a goose-type enzyme) and HEWL. Their
proposed alignment for one segment is, in part, con-
sistent with the observed structural correspondence;
the other is not.

In terms of the overall structural alignments (Ta-
ble 3), only two residues are chemically identical in

all three lysozymes. The first is the glycine of Gly
54 (HEWL), Gly 92 (GEWL), and Gly 28 (T4L).
The second is the glutamate of Glu 35 (HEWL), Glu
73 (GEWL), and Glu 11 (T4L), i.e., the “catalytic”
glutamate. Strikingly, in two of the three molecules
this glutamate is followed by a serine, and after 2
few more residues there is a matching Leu-Lys di-
peptide in two of the lysozymes. In the case of HEWL
and GEWL, there are 95 amino acids in structural
correspondence (Table 3), 11 of which are chemi-
cally identical. Of these, six (Lys 13, Glu 35, Ser 36,
Gly 54, Gly 104, and Ala 107 of HEWL) are among
the 40 positions previously found to be invariant in
all known chicken-type lysozymes [e.g., see Jollés et
al. (1984) and references therein]. In some but not
all cases there are obvious similarities between the
roles played by these matching residues. For ex-
ample, Lys 13 of HEWL makes a salt bridge with
the carboxyl terminus of the protein (Imoto et al.
1972), and its counterpart residue Lys 53 interacts
with the C-terminus of GEWL.

Table 5 shows the active site sequences of GEWL,
HEWL, and T4L aligned on the basis of structural
correspondence. From Arg 72 to Asp 86 of GEWL
the three sequences are aligned strictly according t0
structural equivalence. From this point on the align-
ment is based on the assumption that Asp 97
(GEWL) corresponds to Asp 52 (HEWL) and Asp
20 (T4L), although this is very speculative (se€
above). Also included is a sequence segment for 2
fungal cellulase proposed to be related to HEWL
(Yaguchi et al. 1983), although in this case also the
sequence matching is weak.

The limited sequence identity among the differ-
ent lysozymes is consistent with divergent evolution



g?m 4 common but distant precursor, but the level
agreement is so weak that it can hardly be taken

as eyj .
§ evidence for divergent rather than convergent
€volution,

Exon Boundaries

:}uﬂbeﬂ (1978) has proposed that the separation of

cﬂitary()tlc genes ipto introns and exons might fa-

(]97a§e the evolution of new protgems, and Blake

o £ ) has suggested that exons might correspond
© lolded substructures that could be combined to-

gbit&er to yield such new protein structures. Evidence

108 for (Bernard et al. 1978; Craik et al. 1980,
19g ) an'd against (Stein et al. 1980; Quinto et al.

2) this idea has been presented.
Jung et a1, (1980) have shown that the gene of
“n lysozyme contains four exons (Fig. 3) and have

: ;‘:iposed that each exon corresponds 1o a functional

the to some extent, structural unit of HEWL. In

brevious structural comparison of HEWL and

L (Matthews et al. 1981a, b), it was noted that
soz Tegion of best agreement between these two ly-
Zymes corresponded to the second and third exons
18. 2), leading Blake and coworkers to argue that
naiiCOmp_al'i.SOp supported the view that recombi-

Onicon Within introns can rearrange functional ex-

Ut (re§10ns.mto new patterns in new protein prod-

Artymiuk et al. 198 1.

mi he '{V.ailability of the GEWL structure will per-
,ona.ddltlon'al tests of this hypothesis. One predic-
o lls tha}t if exons do deﬁr}e structural and func-

st al units, their boundaries ought to occur at
TUctura]ly corresponding positions in HEWL and

e L. Based on the present structural comparison

Gf %il“), the expected boundaries of exons in GEWL

T €Y occur) would be at about residues Ile 66,
;f 107, and/or Tyr 147. In addition, Go (1983)

Predicted that the gene for chicken-type lyso-

czges has or had an additional intron in the region

asiespondlng to residues 53-57 of HEWL, On the

S of the structural comparison of HEWL and

in g L, Go’s prediction woulq anticipate an i‘ntron

resiq GEWL gene at a position corresponding to
Sidues 9195,

Dro“:_SDection of the lysozyme structures does not

agai;de compelling evidence either in support of or
hree St the idea that exon units are conserved in all

a'ndlnolecules. On one hand, large parts of exons
3_ of HEWL are well conserved in GEWL and
tiOns(F 1g. 3). At ‘the same time, there are large dele-
argue:nd insertions as well, although it could be
" that these differences among the three ly-

Ouin‘;es~tend o occur at positions close to tl}e exon

Blete ares. .It could also be argugd that T4L is com-

€Xon 31’ missing the structural unit corresponding to

of HEWL, and that GEWL does not have a
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corresponding domain (Fig. 3). On the other hand,
part of the amino-terminal segment of GEWL is
very extended and stretches across the molecular
surface rather than forming a distinct structural en-
tity. We note that each of the exon boundaries in
HEWL occurs within an a-helix, not an obvious way
to divide the structure into distinct structural units
{see also Craik et al. 1982). Thus, the relation among
the three lysozyme structures neither obviously sup-
ports nor disproves the notion that the HEWL exons
correspond to distinct structural and/or functional
units that are conserved during evolution.

Lysozyme Evolution

Many examples exist of protein domains that have
similarities in their three-dimensional structures. If
there is no corresponding agreement among the ami-
no acid sequences, the origin of the structural cor-
respondence is uncertain—it could have arisen from
either divergent or convergent evolution {e.g., see
Rossmann et al. 1974; Matthews 1977; Matthews
et al. 1981a, b; Matthews and Rossmann 1984). It
is reasonable to argue that close overall structural
correspondence between two proteins is, in general,
a good indication that they have evolved from the
same precursor. For example, the close agreement
between the two domains of rhodanese (Ploegman
et al. 1978) (Table 4) indicates that they probably
arose by gene duplication, even though they have
essentially no sequence matching. [The use of struc-
tural correspondence as evidence for divergent vs
convergent evolution is less compelling in cases
where the secondary structure is very repetitive, as
in the triose phosphate isomerase “«/8 barrel” (Ban-
ner et al. 1975; Levine et al. 1978).] The structural
equivalences among the three lysozyme structures
are compared with a number of other reported struc-
tural comparisons in Table 4. The GEWL vs HEWL
comparison in particular ranks very high, and is
suggestive of divergent evolution. Perhaps more
compelling is the nature of the structural corre-
spondence among all three lysozymes (Griitter et al.
1983). GEWL and HEWL have in common parts
that have no counterparts in T4L.. Conversely,
GEWL and T4L have common structural elements
that do not occur in HEWL. This pattern of struc-
tural similarity could easily have arisen through di-
vergent evolution from a common precursor, but
would not be expected to have resulted from in-
dependent events during evolution.

The differences that do exist between the lyso-
zymes are of the sort that might be expected for
distantly related proteins. With more closely related
families of proteins, such as the globins or the cy-
tochromes, there is considerable variability in ami-
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no acid sequence, but the three-dimensional struc-
tures are remarkably conserved. This does not mean
that three-dimensional structure changes hardly at
all during evolution. In the case of the three lyso-
zymes, part of the core is conserved but there are
substantial changes in other local substructures.
These changes might reflect different packing re-
quirements dictated by alterations in the amino acid
sequences, but could also be associated with altered
specificities toward the substrate or toward other
macromolecules. In particular, studies of mutant
lysozymes suggest that the C-terminal domain of
T4L, which is absent in HEWL, enhances the spec-
ificity of the enzyme toward the cell walls of Esch-
erichia coli (Griitter and Matthews 1982).
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