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Further Studies on the Circular Dichroism of Human
Lysozyme. Implications for Structure and Comparison of

Predicted Secondary Structures in Homologous Lysozymes
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ABSTRACT: The near-ultraviolet circular dichroism (CD) spec-
trum of the human lysozyme-inhibitor complex and its depen-
dence on pH have been investigated. It was found that the in-
hibitors (AcGlcN); and (AcGIcN)y alter both the intensity
and the wavelength position of the negative band at 313 nm
and that they lower the apparent pK of its titration. Since it
has been shown previously that the pK.p, of the binding site
residue Tyr-63 is lowered by inhibitor, we believe that the un-
usual CD band is associated with this side chain. It is probable
that this activity arises from an interaction between Trp-64
and the ionized form of Tyr-63. The far-ultraviolet CD spectra
of hen egg-white, human, and rat lysozymes are used in calcu-
lations of the helix contents of these proteins. According to the
method adopted estimations of helix content range from 18 to
25%. Though these are considerably lower than the helix con-
tent deduced from the crystallographic structure of hen egg-
white lysozyme they do suggest that the homologous lysozymes

’I;C availability of human lysozyme isolated from the urine
of patients with monocytic and monomyelocytic leukemia (Os-
serman and Lawlor, 1966) has permitted extensive examina-
tion of its physical properties. The absorption, fluorescence,
and circular dichroism (CD) spectra and their dependence on
pH and inhibitor binding have been reported (Latovitzki e al.,
1971; Halper et al., 1971; Ikeda er al., 1972, Teichberg et al.,
1972; Mulvey et al., 1973). The work of Halper er al. (1971)
established the existence of a negative band centered at 313 nm
in the CD spectrum of human lysozyme at pH above 9. These
authors suggested that this unusual band might be associated
with the binding site residues Tyr-63 and Trp-64. In hen egg-
white lysozyme the tyrosine is replaced by Trp-62 and the en-
zyme shows no comparable optical activity near 313 nm. It has
also been shown that the CD spectrum of rat lysozyme possess-
es the “313-nm band” and this enzyme, like human lysozyme,
has a tyrosine residue at position 63 (Mulvey ez al., 1974). In
an attempt to establish the assignment of this band the alkaline
titration of the near-ultraviolet CD spectrum of human lyso-
zyme has been examined in the presence of inhibitors and is re-
ported here.

Despite frequently extensive substitution of residues, homol-
ogous proteins appear to have common secondary structures.

*From the Departments of Biological Sciences and Chemistry, Co-
lumbia University, New York, New York 10027. Received February
15, 1974. This work was supported in part by Grants 1 RO1 CA 13014
from the National Institutes of Health and GB 29481 from the Nation-
al Science Foundation. Some of the work presented here belongs to the
thesis submitted by R. S. M. to Columbia University in partia] fulfill-
ment of the requirements for the Ph.D. degree.

tPresent address: MRC Laboratory of Molecular Biology, Hills
Road, Cambridge, England.

2980

BIOCHEMISTRY, VOL. 13, NoO. 14,

1974

.’.

have similar helix contents. The examination ol secondary
structure is extended to the location of helical and 3-sheet re-
gions in the sequences of three lysozymes by the empirical
method of T. T. Wu and E. A. Kabat ((1971), Proc. Nat.
Acad. Sci. U. §. 68, 1501). This method is based upon the ef-
fects that nearest neighbor interactions have on secondary
structure, as determined by a statistical analysis of the loca-
tions of amino acids in proteins of known structure. The secon-
dary structures of hen egg-white, human, and mouse lyso-
zymes, determined by this method, show remarkably good
agreement with the known structure of hen egg-white lyso-
zyme. Since the same structure is arrived at in proteins of dif-
ferent sequence, it is concluded that residue substitutions
among the lysozymes occur in a conservative manner with re-
spect to the effects of their nearest neighbor interactions on
secondary structure.

This is certainly the case with myoglobin and the hemoglobins
(Perutz et al., 1968) as well as with the serine proteinases
(Hartley and Shotton, 1971). The secondary structure of the
lysozymes is investigated here in two ways. First, the far-ultra-
violet CD spectra are analyzed by the methods of Greenfield
and Fasman (1969) and Chen er al. (1972) to estimate their
relative helix contents. Second, with the development of in-
creasingly reliable methods for predicting the absence of cer-
tain residues from periodic segments of secondary structure
when sequences are known, it is possible to compare the likely
positions of periodic structures in the homologous enzymes. To
this end the sequences of hen egg-white, human, and mouse ly-
sozyme were analyzed by the method of Wu and Kabat (1971)
and Kabat and Wu (1973a). The positions of « helix and 3
sheet were compared with the known positions in hen egg-white
lysozyme. The empirical procedure employed here is of impor-
tance since it is based on the nearest neighbor influences on a
residue’s ¢,¢ angles. It should be possible, then, to determine
whether the same local influences on secondary structure are
maintained in the different lysozymes.

Experimental Section

Materials. Human lysozyme, isolated from the urine of pa-
tients with acute monocytic and monomyelocytic leukemia,
was a gift from Dr. E. F. Osserman. It was prepared as de-
scribed previously (Osserman and Lawlor, 1966; Mulvey er al..
1973). The inhibitors (AcGlcN); and (AcGlcN)s! were pre-
pared from chitin by the method of Rupley (1964).

Circular Dichroism Spectroscopy. A Cary 60 spectropolari-
meter with a CD attachment was used to record all circular di-
chroism spectra. The protein concentration and cell path

'Abbreviation used is: AcGlcN, N-acetylglucosamine.
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FIGURE 1: Near-ultraviolet CD spectra of human lysozyme ( )
and the human lysozyme-(AcGIcN); complex (- - - -) (pH 6.0). Por-
tein concentration 0.046%; (AcGIcN)3, 2.1 X 1073 M. Inset: Far-ultra-
violet CD spectra of hen egg-white (- - - -), human ( ), and rat ly-
sozyme (----); taken from Mulvey et al. (1974).

lengths were as described in Mulvey et al. (1974). When re-
cording the CD spectra of the complexes between human lyso-
zyme and (AcGleN); or (AcGleN),, the inhibitor concentra-
tion was 2.08 X 1073 M. The ultraviolet absorption and CD
spectra of these oligosaccharides were examined and found to
be negligible at wavelengths longer than 250 nm. For this rea-
son they were not included in the buffer solution when record-
ing the base line.

Alkaline Titration of CD Spectra. The CD spectra of
human lysozyme and its (AcGlcN); and (AcGleN)4 complexes
were recorded over the pH range 6-11.5. The ionic strength of
buffers was 0.1 and the following systems were used: pH 6-8,
potassium phosphate buffer; pH 8.5-10.5, glycine-KOH; pH
11.0-12.0, KH,PO4-KOH.

Secondary Structure Calculations. The sequences of hen
egg-white, human, and mouse lysozymes were analyzed in an
attempt to locate helical and §-sheet regions. The method em-
ployed was that of Wu and Kabat (1971). This procedure fo-
cuses on the influence of the two nearest neighbor residues on
the ¢,y angles of the residue between them. Using the ¢,J an-
gles of several known protein structures these authors have
compiled a 20 X 20 table of every possible pair of (# — 1) and
(n + 1) residues. Each occurrence of a particular pair about a
residue with helical ¢,y angles is entered into the table. Simi-
larly, those occurrences in tripeptides with S8-structure angles,
or random chain angles, are also entered separately. Thus,
from a 20 X 20 table compiled from 11 proteins of known
structure (Kabat and Wu, 1973a) the frequencies of occur-
rence of the pair (Gly)-(x)-(Cys) in tripeptides with ¢, angles
at residue *“x” of « helix, 8 sheet, or random chain are 0, 3, and
3, respectively. Out of six observations of this pair none are
found in helices and these residues will have a helix-breaking
influence on the middle residue. On the other hand, the tripep-
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FIGURE 2: Near-ultraviolet CD spectra of human lysozyme ( )
and human lysozyme~(AcGleN); complex (pH 10.0). Concentrations
as in Figure 1.

tide (Ala)-(n)-(Leu) has a “score” of 10, 1, 3 and will be perm-
issively helical at residue *n.”

The lysozyme sequences were analyzed to locate helix and
B-sheet breakers. Following the criteria of Kabat and Wu
(1973b), a residue, n, was considered a helix breaker if the
ratio of occurrences of the (n — 1) and (n + 1) pair in helical
and nonhelical regions was less than or equal to 1:5. Therefore,
a sequence of four or more residues uninterrupted by a helix
breaker was permissively helical. 8-Sheet breakers were de-
fined as those residues whose (# ~ 1) and (n + 1) pair had at
least three occurrences in the 20 X 20 table, none of which
were in regular 8 structures.

Resuits

Near-Ultraviolet CD Spectrum. The near-ultraviolet CD
spectra of human lysozyme, shown in Figures 1 and 2, are in
excellent agreement with the spectra reported previously from
this laboratory (Halper et al, 1971) and by lkeda et al.
(1972). The spectrum at pH 6.0 is dominated by a large nega-
tive band at 268 nm and a positive band at 292.5 nm. The neg-
ative band displays two shoulders, one at 286 nm and a less
pronounced shoulder between 275 and 285 nm. A negative
band of very low intensity is also observed at 305 nm, in accord
with the results of Ikeda et al. (1972). The alkaline spectrum
of human lysozyme (Figure 2) shows a number of pH depen-
dent changes, the most distinctive being the development of
negative ellipticity at 313 nm. This band has a shoulder near
303 nm presumably reflecting the presence of the small nega-
tive band seen at pH 6.0. The position of the positive band at
292.5 nm remains unchanged at high pH though its intensity is
diminished. Between 265 and 290 nm the negative ellipticity of
human lysozyme is slightly enhanced at pH 10 and the 268-nm
peak is red-shifted to 272 nm.

As noted by the authors cited above, the major effect of
bound inhibitor at pH 6.0 is to change the ellipticity of human
lysozyme in a positive direction at all wavelengths between 250
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FIGURE 3: Variation with pH of the mean residue ellipticity of human
lysozyme and its inhibitor complexes: (@) human lysozyme, 286 nm;
(O) human lysozyme, 313 nm; (x) (AcGlcN)3 complex, 313 nm; (A)
(AcGleN)y complex, 313 nm. Concentrations as in Figure 1.

and 300 nm. The effect of triNAG (Figure 1) on the wave-
length positions of the peaks and shoulders is not clear, except
at the positive peak at 292.5 nm and the shoulder at 286 nm.
These are red-shifted approximately 2 nm when triNAG binds
to the enzyme. At pH 10.0 the CD spectrum of the human ly-
sozyme-triNAG complex has a broad negative envelope from
300 to 325 nm. The negative ellipticity of the shoulder near
305 nm is markedly enhanced relative to the free enzyme. The
effects of bound inhibitor on the 313-nm band is difficult to
separate from the changes in this shoulder. However, it seems
that the peak is slightly blue-shifted and its intensity is en-
hanced.

The near-ultraviolet CD spectra of human lysozyme and its
(AcGleN); and (AcGleN)4 complexes were recorded at several
pH values between 6.0 and 11.5. The pH dependent changes
observed can be separated into two groups: those that begin
near pH 8.5 and are essentially complete by 10.5, and those
changes that start above pH 10. The titrations of the band at
313 nm and the shoulder at 286 nm are among the first group
(Figure 3). The curves in Figure 3 are theoretical and have
been fitted to the data. They were calculated as follows. The
degree of ionization, a, of a titratable group may be related to

a = {8 — [0/ {8L — 180 (1)

the change in ellipticity. [8],, is the mean residue ellipticity
before, and [6],; the ellipticity after ionization. The titration
curve is then calculated using eq 2. The titration at 286 nm

log [«/(1 + a)] = pH = pK,,, (2)

(Figure 3) was calculated assuming pK,,, = 9.35, and the
curve provides a reasonably good fit to the data. In human ly-
sozyme this value corresponds to an intrinsic pK of 9.76 (Lato-
vitzki et al., 1971) which suggests that the ionization of a nor-
mal tyrosine residue is involved. Similarly the titration of [8]3;
in the absence of bound inhibitor has a pK,p, of 9.1. Some un-
certainty in positioning the top and bottom of these curves (/.
e., in determining [6],.4 and [#]x;) will add to the error in esti-
mating the apparent pK’s. However, it is clear that the inhibi-
tors cause a depression of the pKyyp in the titration of the 313-
nm band. Figure 3 also shows that near pH 11.0 the inhibitors
enhance the negative ellipticity of this band. (AcGlcN);3 ap-
pears to give a greater enhancement than (AcGlcN),. There is
some doubt as to the reality of this difference since the titration
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FIGURE 4: Variation with pH of the mean residue ellipticity of human
lysozyme and its inhibitor complex at 254 and 298 nm: human lyso-
zyme, 254 nm (@) and 298 nm (O); (AcGlcN)3 complex at 254 nm
(a)and 298 nm (A). Concentrations as in Figure 1.

of the two inhibitor-enzyme complexes was performed on sepa-
rate lysozyme preparations.

The major changes in ellipticity above pH 10 can be fol-
lowed at 254 and 298 nm (Figure 4). The growth in positive el-
lipticity with increasing pH has been directly ascribed to the
ionization of tyrosine residues (Halper et a/., 1971). It was not
possible to complete these titrations since there is some unfold-
ing of the protein above pH 11.7 as the last two tyrosine resi-
dues ionize (Latovitzki ez al., 1971). At 254 nm (AcGlcN); re-
duces the negative ellipticity, but does not necessarily affect
the titration at this wavelength. The titration of the enzyme-
complex spectrum at 298 nm is biphasic. Between pH 8.5 and
9.8 the ellipticity falls to negative values and above pH 10 it
rises again. This complicated behavior may result from the
blue shift of the 313-nm band caused by bound inhibitor. In
this case, the first part of the titration curve at 298 nm would
represent the growth of the 313-nm band while the second part
would reflect the same tyrosine ionization that is observed in
the free enzyme. Again, bound inhibitor does not necessarily
affect the latter ionization.

Secondary Structure Calculations. Analysis of the lysozyme
sequences for the location of periodic structure was first per-
formed using a 20 X 20 table assembled by Kabat and Wu
(1973a) from the structures of 11 proteins. This procedure lo-
cates residues which interrupt helical regions. There is no im-
plication insofar as this method is concerned that a helix exists
between two helix breaking tripeptides. Accordingly, the inter-
mediate regions have been termed permissively helical. A total
of 73% of the hen egg-white lysozyme sequence was found to
be permissively helical. This high value may stem from the fact
that three of the sequences used in compiling the 20 X 20 table
were of myoglobin and the « and § chains of hemoglobin.
There is some evidence that these proteins may form a special
group with regard to their high helix content (Yip er a/., 1972).
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TABLE 1: Calculation of Permissively Helical Residues.?

TABLE 11 Calculation of Permissively 8-Structure Residues.

HEWL
Permissively
X-ray o a Human L Mouse L
5-15 2-14 2-10 2-10
17-20 16-19 16-20
24-34 27-38 27-36 25-29
31-36
[60-63]
74--79
80-85 81-84 81-84
88-96 91-98 87-104 87-17°
[97-101] 7-105
[109-115] 104-115 108-117 108-120
[119-123] 117-122 119-122
45 437 50%

@ All sequence numbers in this table correspond to the hen
egg-white lysozyme (HEWL) numbering. ? Imoto ef al. (1972).
Bracketed residues are distorted helices. ° Sequence data in
this region are incomplete.

Their inclusion might, therefore, weight this calculation of sec-
ondary structure toward the prediction of permissively helical
residues. The procedure was repeated with an eight protein
table which excluded the myoglobin and hemoglobin data. The
results of this calculation are shown in Table 1. The correspon-
dence between permissively helical residues and the known «
helices of hen egg-white lysozyme (Imoto et al., 1972), though
not perfect, is remarkably good. A short helix was allowed at
residues 17-20 where none actually occurs. In addition, the
helices 60-63 and 80-85 were missed. It is known that the
60-63 turn is distorted from the regular a-helical conforma-
tion. The overall content of permissively helical residues (43%)
agrees well with the value of 45% estimated from the crystal
structure.

1t should be noted that this analysis was based on a 20 X 20
table which itself included data from the crystal structure of
hen egg-white lysozyme. This may prejudice the analysis
toward favorable results. However, repetition of the calculation
with a table which excluded the lysozyme data gave results al-
most identical with those of Table I.

All the helical regions in the hen egg-white lysozyme crystal
structure are predicted to be helical in human lysozyme except
for the single turn at 60-63. The region 80-101 shows excellent
correspondence. Residues 16-19 and 74-79 in human lysozyme
are also permissively helical and these partially account for the
higher calculated helix content of this enzyme (50%). The re-
sults for mouse lysozyme are very close to those of human lyso-
zyme. However, the sequence of mouse lysozyme is incomplete
with respect to a few residues in the C-terminal half of the mol-
ecule (Riblet, 1974, and personal communication). A complete
analysis for secondary structure of this enzyme was therefore
not possible.

Extension of the 20 X 20 table to include data from 12 pro-
teins and the successful use of this table in locating the 8 struc-
ture of concanavalin A (Kabat and Wu, 1973b) encouraged a
similar analysis of the lysozyme sequences. 3-Sheet breaking
residues were located using the revised 20 X 20 table and the
criteria described under Methods. The resulting stretches of
“permissively 38 sheet” are shown in Table II. For hen egg-
white lysozyme the analysis is not very discriminating. Many

BIOCHEMISTRY,

HEWL Human L
X-ray 8¢ Permissively 3 Permissively 3
2-10
21-26
32-40
42-46 43-46 42-46
50-54 50-60 51-59
57-60
64-71 64-76
77-80 78-87
82-94
96-104
115-120
122-126

¢ Imoto et al. (1972).

regions that are known to be aperiodic or « helical are, appar-
ently, also permissively 3 sheet. However, the g-sheet region of
the hen egg-white lysozyme structure (residues 42-60) is found
to be permissively 3 sheet in both the hen egg-white and human
lysozyme sequences. The sequences of human and mouse lyso-
zyme differ by only two residues in this region. The analysis for
mouse lysozyme is identical with that of human lysozyme.

Discussion

Near-Ultraviolet CD Spectrum. The two ultraviolet absorp-
tion bands of tyrosine are red-shifted on ionization of the phe-
nol hydroxyl to approximately 240 and 295 nm, respectively. In
proteins ionization of tyrosine residues is often signalled by the
growth of positive ellipticity in the CD spectrum near 254 nm.
Such is the case with hen egg-white lysozyme. The titration of
[0]254 parallels the spectrophotometric titrations of the first
two tyrosines exactly (Ikeda and Hamaguchi, 1969). The titra-
tion of [#]29g corresponds to the ionization of a tyrosine which
possesses a normal pK. Moreover the growth of positive ellipti-
city at 298 nm is accompanied by a reduction of positive ellipti-
city at 283 nm (Halper er al., 1971). This suggests that a posi-
tive tyrosine band centered close to 283 nm moves to longer
wavelengths on ionization.

In parallel with the titration of [#],3 in hen egg-white lyso-
zyme, [6]236 of human lysozyme becomes increasingly negative
over the pH range 8.5-10.5 (pKapp = 9.35). However, this is
not accompanied by any changes at 298 nm. The titrations of
both [#]254 and [#]295 do not begin until the pH is above 10
(Figure 4). At this pH an average of 2.4 tyrosines have already
ionized (Latovitzki et a/., 1971). It would seem that those ty-
rosines with normal pK’s in human lysozyme do not contribute
directly to the CD spectrum in their phenolate forms.

The unusual negative band of human lysozyme at 313 nm ti-
trates between pH 8.5 and 10.5 (Halper et al., 1971). Its ap-
parent pK, estimated from the titration curve of Figure 4, is
9.35. Though the ionization of a tyrosine residue is clearly im-
plicated in the development of this band, its very long wave-
length position suggests that it might not arise from tyrosine
alone. It is possible that this optical activity results from the in-
teraction of an ionized tyrosine residue with another chromo-
phore. Kahn (1972) has noted that some highly strained, cyclic
disulfide compounds (e.g., lipoic acid) can have CD bands at
wavelengths longer than 300 nm. Therefore gross distortion of
a cystine residue (at both the dihedral and sulfur bond angles)
could lead to a long wavelength disulfide band. However, it is
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TaBLE 11: Helix Content Estimated from CD Spectra.”

[0]20s H’ [0]222 H*
Hen egg-white 11,400 24.5 8,000 19.0
Human 9,300 18.6 8,400 20.0
Rat 9,200 18.0 8,900 21.6

“ CD data taken from Mulvey er al. (1974). ’ Method of
Greenfield and Fasman (1969). © Method of Chen er al. (1972).

extremely unlikely that the ionization of a tyrosine residue in
human lysozyme could result in such a drastic conformational
change.

Another possibility for the origin of the 313-nm band is a
highly perturbed vibronic component of a tryptophan transi-
tion. Small absorption and CD bands have been found at wave-
lengths longer than 300 nm (/.e., near 305 nm) in several indole
containing compounds and proteins (Strickland et a/.. 1972;
lkeda and Hamaguchi, 1972; Cowburn et a/., 1972). It is possi-
ble therefore that the 313-nm band arises from a tryptophan
residue closely coupled with an ionized tyrosine. Examination
of the hen egg-white lysozyme structure shows that Trp-64 of
human lysozyme could be less than 6 A from Tyr-63. There is
reason to believe that this same pair of residues exists in rat ly-
sozyme which also possesses a titratable CD band at 313 nm
(Mulvey et al., 1974).

Effects of Bound Inhibitors. Despite the large differences in
the near-ultraviolet CD spectra of hen egg-white and human
lysozymes the effects of the inhibitors (AcGleN); and
(AcGIcN)y, are quite similar. In both cases the ellipticity at all
wavelengths between 250 and 300 nm is shifted to more posi-
tive values. In agreement with the results of lkeda et al.
(1972), the major change in the spectrum of human lysozyme
is observed at 270 nm where inhibitor binding reduces the ellip-
ticity of this strongly negative band. The inhibitor also red-
shifts the position of both the 292.5-nm band and the 286-nm
shoulder. Therefore, while their pesitions change their separa-
tion remains constant. This lends support to the suggestion by
Halper er a/. (1971) that the 286-nm shoulder represents a pos-
itive band superimposed on a larger negative ellipticity. Thus
the tryptophan 'L, doublet seen in the hen egg-white lysozyme
spectrum at 288 and 294 nm is also present in human lysozyme
at approximately 286 and 292.5 nm. In this respect it is signifi-
cant that the red shift of a tryptophan 'Ly transition due to in-
hibitor binding is also observed in the absorption difference
spectra (Mulvey er al., 1973). 1f Imoto et al. (1972) are correct
in their assertion that the contribution of Trp-108 to the spec-
trum of hen egg-white lysozyme is small and negative near 290
nm, then the positive doublet must originate, at least partially,
in Trp-63 (64 in human lysozyme).

Those pH dependent changes in the human lysozyme CD
spectrum which may be directly attributed to the ionization of
tyrosine residues (i.e., the titrations of [#]1s4 and [#]294) do not
seem to be affected by bound inhibitor. The inhibitors do alter
the titration of the 313-nm band. The pK,pp of this titration is
lowered from 9.35 in the free enzyme to 9.1 in the enzyme-in-
hibitor complex. The negative ellipticity of this band is en-
hanced and its wavelength position is blue-shifted by inhibitor.
C. C. F. Blake (personal communication) has pointed out that
the conformational changes observed with the binding of
(AcGIcN); to hen egg-white lysozyme are not seen in the
human lysozyme complex. The effects of inhibitor on the 313-
nm band strongly suggest, therefore, that the optical activity is
associated with Tyr-63 of the binding site. It has been shown
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(Mulvey et al., 1973) that the pK,,p, of this residue is lowered
by bound inhibitor. In the free enzyme its pK;, was estimated
as 10.4 (£0.3) (Mulvey, 1973). The pK,p, of the titration of
the 313-nm band is 9.35, which in human lysozyme corre-
sponds to an intrinsic pK of approximately 9.75. The agree-
ment between these intrinsic pK’s is not good. However, given
the uncertainty in establishing the values of these pK's. the
weight of the evidence favors the assignment of the 313-nm
band to the residues Tyr-63 and Trp-64.

Lysozyme Secondary Structure. Two classes of procedures
are increasingly used for estimating secondary structure of pro-
teins in solution and both are being continuously refined and
calibrated as new X-ray crystallographic data appear. The
methods may be grouped into those based on optical activity of
proteins and those involving empirical predictions of the occur-
rence of helices and 3 sheets from sequence data. Representa-
tive approaches of both kinds have been employed here to eval-
uate the secondary structure of hen egg-white. human, and ro-
dent lysozymes.

The far-ultraviolet CD spectra of hen egg-white, human, and
rat lysozymes have been reported previously (Mulvey et al.,
1974) and are reproduced in Figure 1. The spectra have been
analyzed by the methods of Greenfield and Fasman (1969) and
Chen et al. (1972). Both methods give similar results (Table
1), with somewhat lower values for helix content than the
29% of residues in regular « helices and significantly lower
values than the 45% of residues in regular and distorted helices
(Imoto et al., 1972).

At present the reason behind the low estimations of helix
content from the lysozyme CD spectra is unclear (for a review,
see Sears and Beychok (1973)). However, the overall shape of
these spectra and particularly the helix calculations based on
[#]222 suggest that the homologous lysozymes have closely sim-
ilar secondary structures.

The analysis of the lysozyme sequences by the method of
Wu and Kabat (1971) produced some interesting results with
regard to their secondary structures. The location of helical
residues in the sequence of hen egg-white lysozyme corre-
sponds well with the known structure of that enzyme. Further,
those regions shown to be permissively helical in hen egg-white
lysozyme are also permissively helical in human and mouse ly-
sozymes. Perhaps the most striking result is obtained in the re-
gion of residues 42-60, which forms the 8 sheet in hen egg-
white lysozyme. With each lysozyme this region is not permis-
sive for helix but is permissive for 8 sheet. Therefore, both the
calculations based on the far-ultraviolet CD spectra and the
empirical location of periodic structure point to the similarity
of secondary structure among the homologous lysozymes. This
result is in complete accord with the X-ray crystailographic
study of human lysozymes by Blake and Swan (1971) and Ban-
vard et al. (1974).

It is increasingly clear that the same secondary structure is
preserved throughout the whole molecule of each lysozyme.
The similarities are not confined to those regions of the poly-
peptide chain which are directly responsible for the conforma-
tion of the substrate binding site. It seems probable that there
may be features of the lysozyme structure which have been
conserved for reasons other than those concerned directly with
the hydrolysis of the bacterial ¢ell wall. For instance, while hen
egg-white and human lysozymes are catalytically active over
the pH range 5-8 and higher, they show remarkable stability
over a different pH range. Thermal denaturation studies on
hen egg-white lysozyme have demonstrated a very high transi-
tion temperature from pH 2 to 6 (Sophianopoulos and Weiss,
1964). Clearly the native structure can be maintained at a pH
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where catalytic activity is prohibited. In this connection it is in-
teresting to note that the lysozyme of mammalian cells is
subject to a wide fluctuation of pH. Lysozyme is active in the
phagocytic vacuoles of rabbit polymorphonuclear leukocytes.
Bainton (1973) has demonstrated that the pH in the vacuoles
can range from 7 to below 4.

The secondary structures of the lysozymes are similar de-
spite a number of substitutions in regions of both periodic and
aperiodic structure. The majority of substitutions are conserva-
tive with respect to the charge, hydrophobicity, and size of the
side chains. This is particularly true of internal residues. The
analysis of the lysozyme sequences by the method of Wu and
Kabat (1971) suggests another criterion for the natural selec-
tion of substituted residues. The method of analysis is based
upon the influence that nearest neighbors have upon a residue’s
6,y angles. The success which this analysis achieves in locating
the correct positions of periodic structure in a variety of lyso-
zymes suggests that residues are substituted in a conservative
manner with regard to their local influence on secondary struc-
ture.
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