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What'’s new in lysozyme research?*
Always a model system, today as yesterday
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Summary

The present review is focused on the main achievements realized in the lysozyme research field since the
meeting held in 1972 to commemorate the fiftieth anniversary of the discovery of this enzyme. Despite of
extensive structural, physico-chemical, crystallographic, genetic, immunological and evolutionary studies
devoted to lysozymes, their biological role is still not exactly known.

1. Introduction

Already more than 60 years slipped away since
Fleming's discovery in 1922 of lysozyme (EC
3.2.1.17), aremarkable bacteriolytic element found
intissues and secretions (1). Lysozyme behaved asa
model system for many studies; the first protein
which was sequenced and contained together all the
twenty usual amino acids was hen lysozyme (2, 3,
4); the first enzyme which was submitted to a com-
plete X-ray crystallographic analysis was hen lyso-
zyme (5); the first enzyme for which a detailed
mechanism of action was proposed was again hen
lysozyme (6). In the same way many evolutionary
or immunological or physico-chemical studies were
performed with lysozyme as a model compound.
Our knowledge concerning this enzyme was sum-
marized in a book entitled: ‘Lysozyme’ (7) reporting
a series of papers presented at a meeting held in
1972 to commeinorate the fiftieth anniversary of
the discovery of this enzyme.

The present review will be focused on the main
achievements realized in the lysozyme research field
since ten years and will also contain developments
which, at least in part, might be considered as mod-
el studies for other biochemical investigations.

* ]121st communication on lysozymes.

Despite of extensive studies devoted to lysozymes,
their biological role is still not exactly known and
this aspect will be discussed in the last part of the
review.

2. Definition

Lysozymes are defined as 1,4-8-N-acetylmuram-
idases cleaving the glycosidic bond between the C-1
of N-acetylmuramic acid (Mur NAc) and the C-4 of
N-acetylglucosamine (GlcNAc) in the bacterial
peptidoglycan (6). Some lysozymes also display a
more or less pronounced chitinase (EC 3.2.1.14)
activity corresponding to a random hydrolysis of
1,4-B-N-acetylglucosamine linkages in chitin.

A slight esterase activity of hen lysozyme has
been described (8): histidine was claimed to be in-
volved in this activity (9) but in the authors’ labora-
tory it was shown that histidine-less lysozymes pos-
sess also a weak and probably non-specific esterase
activity (10).

3. Activity determination and purification
Despite a great number of efforts achieved in

order to prepare some simple, well-defined sub-
strates (11, 12), such as glycolchitin (13, 14) or
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derivatives of N-acetyl-B-chitotetraoside (12), lyso-
zyme activity continues to be determined turbidi-
metrically by measuring the decrease in absorbance
of a suspension of M. luteus cells (15, for a review
see Ref. 16). Highly sensitive radioimmunoassays
(17, 18), an assay based on fluorescence polariza-
tion or fluorescence intensity utilizing a fluorescent
peptidoglycan substrate (19) as well as some auto-
mated methods (20, 21, 22) have also been de-
scribed. Most of the lysozymes have been prepared
by classical, rather standardized purification
procedures including a prepurification step fol-
lowed by molecular sieving on Sephadex G-25 or
G-75 and ion-exchange chromatography on a cati-
onic resin (CM-cellulose 32). Quite recently some
affinity chromatography procedures have also been
described (23). Immunoadsorption affinity chro-
matography was used to isolate and purify human
lysozyme: the immunoadsorbent was prepared by
coupling sheep anti(human leukemic lysozyme)
IgG to epoxy-activated Sepharose 6B (24). Bacteri-
ophage T4 lysozyme was purified by affinity chro-
matography on a C6 muropeptide-Affigel 202 col-
umn (C6 muropeptide: GlcNAc-MurNAc-L-Ala-
D-Glu-meso A2pm-D-Ala) (25). The very high
isoelectric pH value of lysozyme enabled the en-
zyme to be separated from many other proteinsina
single chromatographic separation on heparin-Se-
pharose (26). Two other one-step chromatographic
procedures using agarose columns (27) and exclu-
sion chromatography based on isoelectric point
(28) have also been reported.

4. Characterization and study of distinct types of
lysozymes

Lysozymes are ubiquitous enzymes; the most in-
tensively investigated are those from avian egg-
white and there are two distinct types of enzyme
from this source: hen egg-white lysozyme (chicken-
type, ¢ type) and goose egg-white lysozyme (g type).
The complete primary structures are known for
18 lysozymes c: from hen (2, 3, 4), quail (4 different
enzymes) (29, 30, 31), turkey (32), guinea fowl (33),
duck (5 different enzymes from Kaki or Peking-
duck) (34, 35, 36), pheasant (37) and chachalaca
(38) egg-whites as well as from human milk (39) (or
human urine, 40), baboon (41) rat (42) and cow
stomach (43); 10 sequences have been established in

the authors’ laboratory (Fig. 1). Partial sequences
are known for some more enzymes, from pigeon
(44), mouse (45), tortoise (46), Bombyx mori (47),
Galleria mellonella (47) and Spodoptera littoralis
(47). Only 3 complete lysozyme g sequences have so
far been determined, from black swan (48), ostrich
(49) and Emden goose (50) egg-white. As our re-
search proceeded, we demonstrated the existence of
other distinct types of lysozyme which differ from
the c and g types on the basis of structural, catalytic
and immunological criteria (51).

4.1.c type lysozymes for in-depth studies of
molecular evolution

The c type lysozymes have been characterized at
high concentration only in two orders of birds, the
Galliformes and the Anseriformes (52). We shall
not come back here to the now classical studies
which have been devoted to the sequence (2, 3, 4),
the three-dimensional structure at 4 °C and 20°C
(5) and the mechanism of action of hen egg-white
lysozyme (6). We want to restrict the discussion to
recently studied ¢ type lysozymes: these investiga-
tions were necessary for in-depth studies of molecu-
lar evolution and antigenic structure. Furthermore
knowledge of the positions at which sequence varia-
tion occurs has enhanced understanding of the
structural requirements for lysozyme function.

4.1.1. Contrast between protein evolution and
evolution at the organismal level: chachalaca egg-
white lysozyme

The amino acid sequence of lysozyme ¢ from
chachalaca egg-white was determined (38) (Fig. 1).
Like other bird lysozymes c, that of the chachalaca
has 129 amino acid residues. It differs from other
avian lysozymes c¢ by 27 to 31 amino acid substitu-
tions as well as by being devoid of phenylalanine.
Although the chachalaca is classified zoologically
in the order Galliformes, which includes chickens
and other pheasant-like birds, its lysozyme differs
more from those of pheasant-like birds than do the
lysozymes ¢ of ducks. Phylogenetic analysis (Fig. 2)
of the sequence comparisons confirms that the line-
age leading to chachalaca lysozyme ¢ separated
from that leading to other galliform lysozymes ¢
before the duck lysozyme c lineage did. This indi-
cates a contrast between protein evolution and evo-
lution at the organismal level. Immunological
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Fig. 1. Amino acid sequences of different ¢ type lysozymes. The numbering refers to the hen lysozyme sequence. The one-letter amino
acid abbreviation system was used. 6:deletion.
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comparison of chachalaca lysozyme ¢ with other
lysozymes of known sequence provides further
support for the proposal that immunological cross-
reactivity is strongly dependent on degree of se-
quence resemblance among bird lysozymes (Table

).

4.1.2. Evolutionary change affecting processing of
prelysozyme: pheasant lysozyme

Hen lysozyme mRNA was translated in a reticul-
ocyte lysate and the in vitfro product was shown to
be larger than lysozyme synthesized in vivo (53).
The N-terminal sequence of prelyozyme is:

-18 -15 -10
Met-Arg-Ser-Leu-Leu-lle-Leu-Val-Leu-Cys-Phe-

-5 a4
Leu-Pro-Leu-Ala-Ala-Leu-Gly-Lys-Val-...

where lysine is the N-terminus of lysozyme.

The amino acid sequence of ring-necked phea-
sant egg-white lysozyme ¢ was determined (37):
besides differing from the chicken enzyme by

9 amino acid substitutions, ring-necked lysozyme
has an extra glycine at the amino terminus. Four
other species of pheasant were shown to have lyso-
zymes with a conventional amino terminus, begin-
ning with lysine. The amino termini are now known
for a total of 28 lysozymes c, and all except the
ring-necked pheasant enzyme begin with lysine. To
account for the extra residue in the ring-necked
pheasant lysozyme, it is suggested that an evolu-
tionary shift in the site of proteolytic cleavage of
prelysozyme has occurred. Phylogenetic analysis
(Fig. 2) of 10 avian and 4 mammalian lysozymes of
known sequence placed the pheasant at a greater
distance from the chicken that the turkey is from
the chicken, in contrast to traditional taxonomic
placement (54), but consistent with evidence ob-
tained from several other proteins (55). Immuno-
logical distances between ring-necked pheasant
Iysozyme and other bird lysozymes are consistent
with the degree of sequence difference between
ring-necked pheasant and other bird lysozymes and
fit predictions based on the observed correlation
between immunological cross-reactivity and se-
quence difference.
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4.1.3. The effect of a single amino acid substitution
on the antigenic specificity: quail and duck lyso-
zymes. The importance of the loop region

Immunological studies were carried out with
closely related lysozymes using anti-lysozyme and
anti-loop antibodies. Of all the lysozymes of known
amino acid sequence, the California quail and
bobwhite quail lysozymes are the most similar (56).
These two lysozymes differ from each other only at
positions 68 (Arg/Lys) and 121 (His/Gln) and yet
they are antigenically different (31). The implica-
tion is that one or both of these substitutions alters
the antigenic structure of lysozyme. It was shown
(57) that bobwhite quail lysozyme, although similar
to chicken lysozyme in its overall reactivity with
anti-lysozyme, is much less reactive than chicken
lysozyme with antibodies specific exclusively to-
wards the loop region of chicken lysozyme. The
loop region, strictly speaking, consists of residues
64-80, with a disulfide bridge joining residues 64
and 80 (Fig. 1). Since the only difference between
bobwhite quail and chicken lysozymes in the loop
region is a substitution of lysine for arginine at
position 68, it was inferred that this substitution,
either directly or else indirectly due to a possible
change in conformation, is the cause of the altera-
tion in antigenic specificity.

A similar observation was made with the two
Kaki-duck lysozymes II (34) and III (35) which
were indistinguishable in the lysozyme-phage sys-
tem (58): both are 380 times less efficient than hen
lysozyme. Their behavior is however very different
in the ‘loop’-phage system, as only duck lysozyme I1
is capable of inhibition. This may be due to the
known replacement of the glycine residue in posi-
tion 71 of the duck lysozyme II sequence with an
arginine residue in duck lysozyme III (Fig. 1). The
introduction of a new basic amino acid might ex-
plain the immunological difference. Studies carried
out (33) with three closely related lysozymes from
Peking-duck egg-white allowed also to correlate
small structural replacements with clear immuno-
logical differences (36).

4.1.4. Mammalian lysozymes

Only a small number of mammalian lysozymes
have been completely sequenced, from human milk
(39) and urine (40), from baboon (41) and rat (42):
they all belong to the ¢ type (Fig. 1). Bovine stom-
ach lysozyme, another c type enzyme, will be dis-
cussed in a separate section (see Section 5).

4.1.5. Reptilian lysozyme

Jolles et al. (46) sequenced for the first time a
reptilian (tortoise) egg lysozyme from Trionyx gan-
geticus and were able to demonstrate that the latter
belongs to the c type. A phylogenetic tree was con-
structed and a closer relationship between tortoise
and bird lysozymes ¢ than between tortoise and
mammalian lysozymes ¢ was demonstrated.

4.1.6. Insect lysozymes

Recently Jolles et al. (47) demonstrated that thec
type lysozyme occurs also among invertebrates,
specifically among members of the insect order Le-
pidoptera, by sequencing the first 33 residues of the
lytic enzyme from three different species. Thus the
gene for lysozyme ¢ was shown to be ancient in
origin.

The three insect lysozymes clearly are homolo-
gous in their N-terminal halves to lysozymes of the
chicken type. No homology could so far be detected
with lysozymes of the goose type. Over the first 33
amino acids of their sequence the insect lysozymes
share 40 + 5% identical amino acid residues with
chicken and. human lysozymes. The Galleria en-
zyme is the lysozyme most similar in sequence to the
mammalian lysozymes. Some of the noted substitu-
tions have been identified for the first time in the
lysozymes sequences. Two of them have already
been encountered in a-lactalbumin, i.e. residues 2
(Gln of Spodopteralysozyme) and 5 (Thr). Between
the insect lysozymes and bovine a-lactalbumin, the
percentage of identical amino acid residues is still
around 25% in the N-terminal regions. The two half
cystine residues encountered in the N-terminal mo-
ieties of the insect lysozymes are in phase with the
half cystine residues of the other ¢ type lysozymes,
provided that a deletion of three amino acids be
introduced in the sequences of the former.

The insect lysozyme ¢ sequence information has
enabled Wilson’s group to carry out a phylogenetic
analysis of invertebrate lysozymes c along with ver-
tebrate lysozymes ¢ and a-lactalbumins. They con-
cluded that e-lactalbumin-like proteins could exist
in non-mammals and even in non-vertebrates (59).

4.1.7. Cystines and residues participating in cataly-
Sis

¢ type lysozymes contain 129-130 amino acids:
40 positions have so far been found invariant
among them.

The half-cystines of all the ¢ type lysozymes are in



phase as the disulfide bonds play an important role
in the formation and maintenance of their secon-
dary structure (60). The refolding kinetics of un-
folded hen lysozyme and the structural interme-
diates have been investigated in detail (61).

As a result of X-ray crystallographic studies,
three of the ten carboxy! groups of hen lysozyme
are found to be located in the active site cleft (5):
two (Glu-35 and Asp-52) of these carboxyls partici-
pate in the well-known catalytic process (6) and
occur in similar positions in all ¢ type lysozymes. A
third (Asp-101) is involved in a substrate binding
interaction: it occurs in most but not all ¢ type
lysozymes (Table 1). In order to obtain more direct
proof for the importance of these carboxyls, some
chemical modifications of carboxyl groups have
been developed. Derivatives singly modified at
Asp-52 (62) or Glu-35 (63) have been prepared and
were found to be enzymatically inactive. The mech-
anism for the selective modification of these car-
boxyls in lysozyme is related to the metal binding
ability of lysozyme (64). These rather recent studies
clearly indicate that Glu-35 and Asp-52 are essen-
tial for the lysozyme activity as postulated many
years before (5)..

171
4.2. g type lysozymes

Goose egg-white lysozyme has been discovered
by Jolles (65) and Canfield (66). Prager et al. (52)
detected immunologically this goose type (g type) in
the egg-white of species representing nine different
orders of birds: it has thus a much broader taxo-
nomic distribution than has the ¢ type lysozyme in
bird egg-white. Only in the egg-white of the black
swan (Cygnus atratus) two distinct lysozymes (a ¢
type and a g type enzyme) have so far been detected
together (67).

The g type lysozymes have a molecular weight of
around 21 000 instead of 14 000 for the ¢ type en-
zymes and do not cross-react immunologically with
the latter (68). Only a limited number of structural
results are available for g type lysozymes in compar-
ison to the data established for ¢ type enzymes
(complete sequences of black swan (48), ostrich (49)
and Emden goose (50) egg-white lysozymes) (Fig.
3).

The enzymes contain 185 amino acids: all the
four half-cystine residues are situated in the N-ter-
minal half of the chain and an unusually high oc-
currence of paired amino acids in the molecules is

1
Ostrich Arg-Thr-G]y-Cys-Tyr—G]y-Asp-Val-Asn-Arog-Va’l-Asp-Thr-Thr-G]y-Ala-Ser-Cys-Lys-SzeBr-Ma-Lys-Pro-G]u-Lys—Leu-Asn-Tyr-
Black Swan Asp Asn Ile Thr Gly  Ser
Goose Asp Asn Ie Thr Gly Ser
30 L0
Ostrich Cys-Gly-Val—AIa-A]a—Ser—Arg-Lys-Ile-A]a-G]u-Arg-Asp-Leu-G'ln-Ser-Met-Asp-Arg—Tyr-Lys—As'loa-Leu-I]e-Lys-Lys-Val-Gly-
Black swan Pro Lys Thr Lys Ala Thr 1le
Goose Ser Lys Ala Thr Ne
. 1] 70
Ostrich G]n-Lys-Leu-Cys-Va]-Asp-Pro-A]a-Va]-X1e-A'Ia—G]y-I]e-Ile-Ser-Arg-G]u-Ser-His-A]a—Gly-Lys-Ma-Lseou-Arg-Asn—Gly-Trp-
Black swan Glu Glu val Lys
Goose Glu Glu Val Lys
; 90 100 119
Ostrich G]y-Asp—Asn-Gly—Asn-G]y-Phe-G]y-Leu—Met-G]n—VaI-Asp-Arg-Arg-Ser-His-Lys-Pro-Va'l-Gly-G]u—Tr‘p—Asn-G]y-G]u-Arg-H'is-
Black swan Arg Lys Gln Thr Val
Goose Arg Lys GIn Thr val
129 130
Ostrich Leu-Met-G]n-G]y-Thr—G]u—I]e-Leu-ne—Ser-Met-Ne—Lys-A]a’Ile-Gln-Lys—Lys-Phe-Pro-Arg-Trp-Thr-Lys-G'Iu-G'In-Gln-
Black swan Ile Thr Thr Thr Asp Phe Arg Ser Asp
Goose Ile Thr Thr Asn Phe Thr Ser Asp
. 140 150 160
Ostrich Leu-Lys-Gly-G]y-I'Ie-Ser-A]a-Tyr-Asn-A‘la-G'Iy-Pro-G'Iy—Asn—Va]-Arg-Ser-Tyr-G]u-Arg-Met—A‘sp—I1e-Gly—Thr-Thr—H1'_s-Asp-
Black swan Ala Ala
Goose Ala Ala
. 170 180 185
Ostrich Asp-Tyr-Ala-Asn-Asp-Val-Val-Ala-Arg-Ala-GIn-Tyr-Tyr-Lys-GIn-His-Gly-Tyr
Black swan
Goose

Fig. 3. Amino acid sequences of three g type lysozy'mes.
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noted. Contrary to previously reported observa-
tions, a slight sequence homology between the g
type and ¢ type lysozymes could be suggested by
Jolles et al. (49, 69) on the basis of sequence homol-
ogy: Glu-73 and Asp-86 of the g type might corres-
pond to Glu-35 and Asp-52 of the active center of
the ¢ type enzymes. This observation was corrobo-
rated by X-ray studies carried out by Matthews’
group (70) (see Sections 8.1 and 10).

4.3. Phage lysozymes: the most convincing example
to date of the divergence of proteins with non-ho-
mologous sequences

The bacteriophage lysozymes include 164 amino
acids with a molecular weight of 18 700: their se-
quences are not homologous to the ¢ type enzymes
(71). However they have similar catalytic proper-
ties, although the cell walls of E. coli are digested
much more rapidly be the phage enzymes than by
hen lysozyme. The two enzyme types have been
shown to be similar in their backbone conforma-
tions, in the location of bound substrates and in the
specific details of substrate binding and catalysis:
indeed the only amino acids which seem to have
retained their identities are Glu-11 and Asp-20 of
phage lysozymes corresponding to Glu-35 and Asp-
52 of hen lysozyme which are involved in the enzy-
matic mechanism of action. These similarities
strongly suggest that ¢ type and phage lysozymes
have diverged from a common precursor (70, 72)
(see Section 10).

A computer search suggests that bacteriophage
T4 lysozyme contains one region and that rabbit
myosin light chains contain three regions similar,
and supposedly homologous to the calcium binding
region of carp muscle calcium binding parvalbumin
(73).

4.4, Plant lysozymes

Lysozyme was detected in several plant tissues,
particularly in some flowers, different roots and
tubers. Crystalline lysozyme was prepared from
papaya latex (74) and analyzed with some details
(75). Jolles’ group reported the purification of tur-
nip lysozyme and discussed some of its biochemical
properties (76): the enzyme seems to act as a chiti-
nase rather than as a lysozyme.

4.5. Fungus and bacterial lysozymes

The fungus, Chalaropsis (Ch) species, produces
an extracellular bacteriolytic enzyme: in addition to
possessing 8-1.4-N-acetylmuramidase activity as a
typical lysozyme, it also possesses $-1,4-N,6-0-di-
acetylmuramidase activity. Thus lysozyme Ch is
active against bacterial species that are insensitive
to ¢ type lysozymes. The sequence as well as size
(M, =22 415) of this enzyme differs markedly from
other lysozymes whose sequences are known. The
catalytic activity of lysozyme Ch is at least partially
due to two acid amino acids, Asp-6 and Glu-33: the
common feature between the ¢, g, phage and Ch
lysozymes is that they all have acidic residues as
part of their active site (77).

A species of lysozyme found in the culture broth
of Streptomyces erythraeus (SE) appears also to
differ from the c type, more particularly as, con-
trary to hen lysozyme, it hydrolyzes the cell walls of
Staphylococcus aureus which contain N,6-0-diace-
tylmuramic acid (78). This obscrvation explains
that SE lysozyme presents some sequence homolo-
gies with lysozyme Ch. At 6 A resolution, it was not
possible to see any resemblance with ¢ type or phage
lysozymes (79).

4.6. Invertebrate lysozymes

As indicated above, Jolles et al. (47) character-
ized a c type lysozyme among members of the insect
order Lepidoptera; others isolated from the insect
Ceratitis capitata eggs a lysozyme with a molecular
weight of about 23 000 whose N-terminal sequence
showed a high homology with that of the phage
lysozyme. Chitinase/ muramidase specific activity
ratio is around 350 times higher for the insect than
for hen lysozyme (80). A lysozyme isolated from
Helix pomatia possessed also a high molecular
weight of about 24 000 (81).

Lysozyme-like enzymes occur in many marine
invertebrates (82). Only a limited number of them
has been completely purified and their enzymatic
properties studied. The lysozyme from Nephthys
hombergii (82, 83) can be classified in the category
including the goose enzyme in regard to its very low
action on N-acetylglucosamine polymers. However
it resembles also the ¢ type enzymes when several
other criteria are considered, such as the variation
of the initial velocity of lysis as a function of ionic



strength or the behaviour in the presence of urea
(84).

A lysozyme isolated from Asterias rubens has
been completely purified (85). It has a molecular
weight of 15500 £ 1 000 and its high sensitivity to
ionic strength must particularly be noted. A long
N-terminal sequence was reported and is not recog-
nizably related to other known N-terminal lyso-
zyme sequences: thus the lysozyme from A. rubens
seems to be representative of a new type of lyso-
zyme.

Lysozyme-like enzymes have been detected in
many marine bivalves (86); the enzyme of the mus-
sel Mytilus edulis (82) was purified: its molecular
weight is about 18 000 and its pI of 9.2 is consider-
ably lower than the isoelectric point of hen lyso-
zyme (87).

5. Species adapt to new environments by regulatory
changes affecting certain key proteins: bovine
stomach lysozyme as an example

A quite interesting lysozyme is the bovine stom-
ach lysozyme purified by Dobson et al. (88, 89). The
enzyme was isolated from the true stomach mucosa
of cattle and three distinct, closely related, non-al-
lelic lysozymes ¢ were found. The three enzymes
account for 109% of the total protein extracted from
mucosa at pH 6. Jolles’ group (43) performed an
extensive sequence study of the most abundant of
these enzymes which had the following interesting
properties: (a) increased resistance to pepsin diges-
tion; (b) a more acidic pH profile; (¢) low specific
activity at neutral pH at physiological ionic
strength.

Rumen bacteria are an important nutrient source
of cattle but an important factor in their utilization
is the ability of the animal to break open the bacte-
ria. The latter are surrounded by peptidoglycans
which contain glycosidic bonds which could be split
by lysozyme. A logical place for a digestive lyso-
zyme to be produced is the true stomach of rumi-
nant-like mammals. The bacteria would be killed
by the low pH in the true stomach and opened with
the lysozyme secreted by the mucosal lining. By
disrupting the peptidoglycan layer, lysozyme would
make bacterial contents available for digestion by
other enzymes in the stomach and intestines. This
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hypothesis predicts that only mammals with fore-
gut fermentation should have high levels of stom-
ach lysozyme (88, 89), and the evidence available
to date indicates this to be the case.

The sequence of cow lysozyme 2 is indicated in
Fig. 1: it differs from the sequences known for other
lysozymes ¢ at 39 to 60 positions at one of which
there has been a deletion of one amino acid. Of the
40 positions previously found to be invariant
among lysozymes c, only one has undergone substi-
tution in the cow lineage. This modest number of
changes at novel positions is consistent with the
inference, based on tree analysis, that the tempo of
evolutionary change in the cow lysozyme lineage
has not been radically different from that in other
lysozyme c lineages. When compared to other lyso-
zymes ¢, replacements in cow lysozyme are much
more frequent in the C-terminal than in the N-ter-
minal part. However, the half-cystine residues pro-
ducing the four disulfide bonds are at the same
place and this might reflect, already at this stage, a
more or less conserved three-dimensional structure:
its detailed study will of course be of interest. In-
deed it will thus be possible to test the hypothesis of
Wilson et al. (90) that species adapt to new envir-
onments by regulatory changes affecting certain
key proteins and to follow on a molecular level in
the present case how an enzyme has undergone a
major functional change as a result of becoming a
digestive enzyme and to determine the amino acid
substitutions that make the enzyme to function in
the stomach environment, thus to increase its res-
istance to cleavage by pepsin. The latter is most
likely the result of fewer pepsin-sensitive bonds and
decreased electrostatic interactions with pepsin:
when examining the distribution of charges on cow
lysozyme (43), it is clear that all its faces bear more
negative charges than the corresponding faces in
hen and human lysozymes. The Glu replacement at
position 101 and the deletion of Pro at position 102
eliminate the Asp-Pro bond that is present between
these positions in all other mammalian lysozymes c
tested. This bond appears to be the most acid-sensi-
tive one in lysozyme at physiological temperature
and its evolutionary loss may have contributed to
the ability of cow enzyme to survive and function at
low pH in the stomach fluid (43).
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6. From the antigenic structure of lysozyme to that
of proteins

Hen lysozyme has long served as a prototype
protein for investigations concerning the specificity
of immune recognition: they conducted to two op-
posing views of what constitutes a determinant ona
protein antigen. How much of the hen lysozyme
surface is antigenic?

6.1. Determination of the antigenic structure by
surface-simulation synthesis

According to Atassi et al. (91) proteins contain a
very limited number of sites which are intrinsically
immunogenic irrespective of the host responding to
the antigen. A large number of specific chemical
derivatives of lysozyme have been prepared and
characterized and their immunochemistry studied
in detail (90). A useful approach in the delineation
of protein antigenic structures depends on the isola-
tion of a large variety of overlapping peptide frag-
ments representing various parts of the protein
molecule. Atassietal. (91) proposed that only three
antigenic sites exist in lysozyme and that they are
discontinuous (I-residues 5,7, 13, 14, 125; 11-33, 34,
113, 114, 116; 111-62, 87, 89, 93, 96, 97; see Fig. 1).
The determination of the entire antigenic structure
of native lysozyme was achieved by precise boun-
dary, conformational and directional definition of
its three antigenic sites by surface-simulation syn-
thesis (91). Many general conclusions relating to
antigenic structures of proteins were derived from
previous studies carried out with sperm whale myo-
globin. They were also applicable to lysozyme and
include more particularly the small size of the anti-
genic sites and their sharp boundaries, their pres-
ence only in a limited number, their surface loca-
tions and their sensitivity to conformational
changes.

An important difference was found to exist be-
tween the antigenic sites of myoglobins and those of
lysozyme. The five antigenic sites of myoglobin are
constituted of residues that are in direct peptide
bond linkage whereas the three sites of lysozyme
each constitutes spatially adjacent surface residues
that are mostly distant in sequence, each describing
a line which circumscribes part of the surface topo-
graphy of the protein (91).

6.2. A multideterminant-regulatory model

A quite different model has been proposed by the
group of Wilson et al. (31, 92). Recent studies which
have re-examined the antigenic structure of hen
lysozyme as defined by the total number of different
specificities which can be detected in panels of mo-
noclonal antibodies from several strains of inbred
mice suggest that the Atassi structure is incomplete.
Several lines of evidence of these studies support
the conclusion that the capacity for antibody re-
sponse to hen lysozyme is very broad, consisting of
many different clonotypes which bind distinct, but
often overlapping, determinants which in aggregate
include most, if not all, of the hen lysozyme surface.
Wilson et al. conclude that most of the accessible
surface of any globular protein is potentially im-
munogenic, that one can define which sites are im-
munogenic only with respect to a particular re-
sponding individual and that the total antigenic
structure of a protein is the sum of all sites recog-
nized by a large variety of responding individuals
and species. The multideterminant-regulatory
model predicts that nearly all evolutionary substi-
tutions would directly affect immunological cross-
reactivity.

7. The lysozyme gene
7.1. Hen lysozyme

The gene for hen lysozyme has been isolated (93):
the nucleotide sequence was determined for hen
lysozyme mRNA and for the exons of the gene
together with their flanking intron regions. Deter-
mination of the exact position of the exon/intron
boundaries made it possible to correlate the struc-
ture of the gene to structure and function of the
protein (94) (Fig. 4).

7.1.1. Exons encode functional and structural units

Protein chemists have divided hen lysozyme into
four sequences: residues (a) 1-39; (b) 40-85; (c)
86-100; (d) 101-129 (Fig. 1). A deep crevice con-
taining the active site divides the molecule into two
halves: on one side is situated the B-structured (b)
fragments whereas on the other side are the (a)
(N-terminal) and (d) (C-terminal) helical frag-
ments; fragment (c) with an a-helix joins the two
halves.
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Fig. 4. Correlation between structural and functional parts of lysozyme and the exons of its gene. A linear diagram is shown of the
structural gene parts encoded by exons, the a-helical and B-sheet structural elements (5) and the structural segments of the protein that
have been described. Functionally important residues of the enzyme are delineated two-dimensionally in correlation with their contact
points in ring positions A-F of the substrate, an alternating co-polymer of N-acetylglucosamine (G) and N-acetylmuramic acid (M)

(reproduced from Jung et al. (94), with permission).

There is a reasonable correlation between the
exon pattern and the structural units with, howev-
er, an exception of the first exon/intron boundary
which occurs within fragment (a) at position 28
situated in an e-helix: no further interruption oc-
curs at codon 40 (between fragments (a) and (b)).
Each of the products of the four exons carries a
main structural element which folds independently
and does not penetrate very much into other exon
units (95).

Exon 2 codes for a region that includes the cata-
lytic center of the enzyme with Glu-35 and Asp-52,
the surrounding functionally important elements
from both sides of the crevice and part of the sub-
strate binding site: exon 2 could possibly function
as a primitive glycosidase.

Exon 3 codes for a fragment that, combined with
the exon 2 region, completes the active site and
could give additional substrate specificity and cata-
Iytic efficiency. Exons 1 and 4 code for translational

signal sequences on the mRNA, for the signal pep-
tide of prelysozyme and for the N- and C-terminal
regions of the enzyme: they are not directly in-
volved in the catalytic function but may have stabil-
izing or as yet unknown biological functions (95).
Lysozyme is structurally related to a-lactalbu-
min and it has been proposed that they have arisen
from a common ancestral gene. The genes of the
two proteins contain three introns at similar posi-
tions. The first three exons of the two genes have
similar nucleotide sequences but the fourth exon of
a-lactalbumin which partly codes for its C-terminal
sequence, essential for its interaction with galacto-
syltransferase, is markedly different from the cor-
responding exon of the lysozyme gene (96).

7.1.2. Exons, domains, modular structural units
and function in hen lysozyme

All the larger protein molecules seem to be com-
posed of separate folded units called domains: fre-
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quently it is possible to correlate a protein function
with a structural domain of the protein. The view
that proteins had evolved by the combination of
domains carrying particular functions was in cur-
rency before the discovery of exons and introns
(95). Gilbert (97) and Tonegawa (98) suggested that
exons correspond to functional units of protein
molecules and new functional proteins might
evolve by selection of various combinations of the
functional units that are produced by unequal cros-
sing-over on introns. Blake (99) argued that if exons
encode structural units as well as functional units
the combinations of such exons would have the
advantage of producing stable functional proteins.

Go (100) proposed a method to define compact
structural units — also called modules - as least
extended conformations in globular proteins. Five
modules, M1-MS5 (Fig. 5), have thus been identified
in hen egg-white lysozyme (101): they consist of
residues 1-30, 31-55, 56-84, 85-108 and 109-129,
respectively (Fig. 1). Modules M1, M2 plus M3, M4

60

90

120

Fig. 5. Modules of chicken egg-white lysozyme and intron posi-
tions of its gene. The dark regions represent pairs of C* atoms
that are separated more than 23 A. Both ordinate and abscissa
are residue numbers. Five modules, M1-M5, are identified by
using the least extended criterion - i.e., by drawing a pair of
horizontal and vertical straight lines that meet on the diagonal in
the map in such a way as to keep away from the dark regions.
Intron positions (94) are marked by arrows, together with the
predicted position of another intron at the junction between
modules M2 and M3 (reproduced from Go (101), with permis-
sion).

and M5 have been shown to correspond toexons 1,
2, 3 and 4 of the lysozyme gene, respectively. This
finding led to the prediction that one more intron
may have been present in an ancestral lysozyme at
the position corresponding to the junction between
modules M2 and M3. Localization of the catalytic
sites Glu-35 and Asp-52 on the module M2 suggests
that this module might have worked as a functional
unit in a primitive lysozyme. The slight sequence
homology observed between c and g type lysozymes
(49, 69) concerns also module M2,

Quite recently Blake (102) pointed out that the
Go analysis of the correlation of exons with protein
structure does probably not have general applica-
bility and that the catalytic function of enzymes
such as lysozyme is encoded by a number of exons,
not one.

7.2. Phage lysozyme

The nucleotide sequence of the lysozyme (e) gene
of bacteriophage T4 and approximately 130 addi-
tional nucleotides on each side has been deter-
mined. Nucleotide sequence analysis of mutant e
genes confirmed that three identified hot spots of
frameshift mutations are runs of five A nucleotides
in the wild-type gene. The endpoints of two dele-
tions are direct repeats of eight base-pairs in the
wild-type gene. Two frameshift mutations with
high reversion frequencies are duplications of five
or seven base-pairs (103).

8. Lysozymes’ conformation, three-dimensional
structure and mechanism of action

8.1. Lysozymes’ crystal structure at low tempera-
ture (K20 °C)

Hen egg-white lysozyme is known to crystallize in
a great variety of forms depending upon the nature
of the precipitating salt and the choice of pH. Of
these, many have already been studied by X-ray
techniques. The structure of the molecule in the
tetragonal form has been solved to a resolution of
2 A (6, 104, 105). The triclinic as well as the mono-~
clinic and the low-temperature orthorhombic
forms have also been the subject of extensive inves-
tigations (106-110). All these studies showed clear-
ly that lysozyme has essentially the same conforma-
tion in these forms (temperature <<20 ° C).



More recent studies of the lysozymes c isolated
from humans (111), turkey (112) and tortoise eggs
(113) have shown that the conformation of the
molecule is highly conserved in these different spe-
cies and crystal structures. According to Artymiuk
et al. (114) the patterns of atomic displacements in
the crystals of hen and human lysozyme derived
from indepehdent crystallographic refinement are
broadly similar. Analysis of the pattern indicates a
close correlation with molecular structure, strongly
suggestive of intramolecular motion. The active site
of lysozyme is located in a region of high displace-
ment. It is concluded that protein mobility may
play a significant part in biological activity and that
X-ray crystallography can contribute to its analy-
Sis.

Lysozymes from other classes have also been
extensively studied: Matthews and Remington
(115) reporten the three-dimensional structure of
T4 phage lysozyme, Griitter et al. (70) the structure
of goose lysozyme and Isaacs et al. (67) the struc-
ture of black swan lysozyme. Preliminary crystallo-
graphic data for lysozyme produced by Streptomy-
ces erythraeus have also been established (116).

8.2. The conformation of hen lysozyme in solution
at low temperature

The conformations of lysozyme in crystals and in
aqueous solution have been discussed by Blake et
al. (117). They showed that the basic conformation
is similar in the two states and described by physical
methods and chemical inspection the following new
features: (i) the protein has a well-maintained fold
in all conditions; (ii) there is mobility in various
parts of the protein, particularly side-chain mobili-
ty, but also some general vibrations of the main
chain; (iii) there is unconventional chemistry in the
active site which is not just due to hydrophobicity
but is peculiar to the juxtaposition of particular
residues. This contrasts with the rather orthodox
chemistry of the surface and the absence of chemis-
try of the interior; (iv) there are particular confor-
mational changes associated with some chemical
reactions which run some distance from the site of
attack; (v) there is a general conformational change
of the whole protein associated with changes of
temperature and the binding of some reagents
which cross-link the groove. The protein can act as
a cooperative unit for energy in these reactions.
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8.3. Inhibitor and substrate binding: mechanism of
action

The complexes of the tetragonal form of hen lyso-
zyme with saccharides provided a basis for ap-
proaching the nature of catalytic properties of the
protein and enabled Blake et al. (105) to propose a
mechanism of action. It accounts for the catalytic
rate enhancement as resulting from distortion asso-
ciated with binding of the saccharide ring that car-
ries the glycosidic oxygen, participation of Glu-35
as a general acid catalyst and stabilization of the
developing carbonium ion by Asp-52. The active
site of lysozyme can accommodate six units of a
polymeric substrate. The B(1—4)-linked hexasac-
charide of GIcNAc and the similar bacterial cell
wall hexasaccharide (GlcNAc B(1—4) MurNAc),
are the best known substrates of lysozyme judged
by the specificity of the enzymic hydrolysis (for the
bond between the 4th and 5th units from the non-
reducing end) and the maximum rate of reaction.
Mono-, di- and trisaccharides, more particularly
GlcNActo(GIcNAc); are known to be inhibitors of
the enzymic reaction.

As defined by Blake et al. (105), lysozyme has six
subsites for substrate binding: A, B, C, D, Eand F,
each corresponding to a saccharide unit and run-
ning from one end of the active site cleft to the other
with catalytic groups Glu-35 and Asp-52 between
sites D and E. Binding at the A, B and C sites have
been directly observed by crystallographic methods
involving binding of tri-GlcNAc in tetragonal lyso-
zyme crystals (105) and D site binding has been
observed for the lactone moiety of a lactone deriva-
tive of tetra-GlcN Ac(118). Binding has not yet been
directly observed in the E and F sites, although
there is chemical evidence for F site binding as
shown by a dye replaced by hexa-GlcNAc (119). In
turkey lysozyme, however, binding of (GlcNAc), or
GlcNAc-MurNAc could be observed in subsite E
and a new subsiste I’ different from F (112).

There are clear indications that the conformation
of the enzyme changes in the crystals when inhibi-
tors are bound. The changes extend through the
molecule and are most evident in the movement of
the loop between residues 70-75, in the clearer defi-
nition and reduced motion of Trp-62, and in the
angular movement (7°) of the mean-square plane
of Trp-63 relative to its position in native lysozyme
(117). The changes seen in solution are similar. The



178

resonances of Trp-63 show that the region of pro-
tein around Trp-62 and Trp-63 now has a fixed
conformation, i.e. there is no longer flapping of a
tryptophan (117). The binding of inhibitors also
alters the magnitude of the shifts on Trp-108 owing
to the Glu-35. As Trp-108 senses strongly the ioni-
zation of both Asp-52 and Glu-35, the inhibitor
connects the two sides of the groove in some coop-
erative way.

The activation energy of lysozyme for attacking
its substrate is lowered by the use of the binding
energy of the substrate in the distorsion of the sugar
ring in the critical site D. The first change in empha-
sis lies in the observations on Glu-35. NMR data
show clearly (117) that Glu-35 and Trp-108 shift
relative to one another on ionization of Glu-35.
Asp-52 has no strictly comparable behaviour but in
the presence of substrate (inhibitor), ionization of
Asp-52 causes a change in the interaction between
Glu-35 and Trp-108. All the results indicate that the
enzyme active site is in a specially energized condi-
tion. Thus lysozyme does not just distort the sub-
strate on binding toward the transition state of its
reaction. It provides a special acid, Glu-35, which is
perhaps held close to its interaction with a special
side-chain Trp-108. Blake’s et al. (117) structural
studies are fully consistent with the kinetic analysis
of the lysozyme reaction by Banerjee et al. (120).

Some reports, however, do not entirely fit in with
the above reported data. Kurachi et al. (121) were
not able to bind (GIlcN Ac); to lysozyme in the tric-
linic form. Furthermore a high number of enzymat-
ic (122), chemical (123), theoretical (124-128) and
physical (129) studies have been devoted to the
importance of substrate distortion, but there is little
direct crystallographic evidence on the conforma-
tion of a MurNAc residue bound at side D. Kelly et
al. (130) presented the X-ray structure of the non-
hydrolyzed trisaccharide MurNAc-GleNAc-Mur-
NAcbound in subsites B, C, D. Their interpretation
of the 2.5 A resolution difference map does not
involve distortion of this residue in site D.

Pincus and Scheraga (131) predicted the three-
dimensional structures of complexes of lysozyme
with cell wall substrates. As with the homopoly-
mer (GicNAc),, the hexasaccharide (GlcNAc-
MurNAc),«(GIcNAc), binds preferentially on the
‘left’ side of the active site cleft, involving residues
such as Arg45, Asn-46 and Thr-47. The alternating
co-polymer (GlcNAc-MurNAc);, however, binds

with its F site residue preferentially on the ‘right’
side of the active site cleft, involving residues such
as Phe-34 and Arg-114. The lactic acid side-chain
prevents good binding to the F site on the left side.
This result can explain the higher rate of catalysis
for the cell wall substrate (the alternating copoly-
mer). The relative affinities of the disaccharide
GlcNAc-MurNAc for all sequential pairs of sites
A-F (including E and F sites on both sides of the
cleft) were determined. It was found that the highest
affinity of this disaccharide is for sites C and D and
‘right-side’ sites E and F, in good agreement with
experimental results of Sarma and Bott (112). The
energy of the recently determined X-ray crystallo-
graphic structure of MurNAc-GleNAc-MurNAc
bound to the B, C and D sites of hen egg-white
lysozyme has been minimized and found toleadtoa
conformation quite similar to one which was pre-
dicted previously for the trisaccharide (GIcNAc);.
The D ring is undistorted and binds close to the
surface of the active site cleft. The structure can be
extended into sites E and F by addition of two
GlcNAc residues, but only on the left side of the
active site cleft. This indicates that polymers bound
with their D site residues near the surface of the cleft
must-bind to sites E and F on the left side of the
cleft, as also predicted previously.

Difference between various lysozymes in the
mode of association with oligosaccharides has been
observed. It was shown that while the a- and B-a-
nomeric forms of GlcNAc compete for the same site
of hen lysozyme, they have different affinities and
bind in different orientations (132): on the contrary
tortoise lysozyme does not distinguish between the
two anomeric forms of GIcNAc (133).

The present trend in this kind of studies is to
determine the crystal structure in the presence and
absence of inhibitors at T <20 °C and very high
resolution (<1.5 A) in order to precise the atomic
position of the residues, particularly those impli-
cated in the mechanism of action and to study the
water structure, ordered and disordered, around
the molecule. The structure of the water in crystals
of human and tortoise lysozymes which contain
about 350 and 650 water molecules per protein
molecule, respectively, has been described quite re-
cently (134). Whatever the lysozyme (human, egg,
tortoise), the crystal form studied and the water
content of these crystals, it seems that the number
of the ordered water molecules is identical, as if it



were a property of the lysozyme molecule and not
of the crystal (134).

Finally it was tempting to slow down the reaction
between lysozyme and its substrate(s) by working at
sub-zero temperatures: such an experiment has
been tried with human lysozyme and oligosaccha-
ride substrates (135).

8.4. Dynamics of enzymatic reactions

A possible way to explore the dynamics of enzy-
matic reactions is to use computer simulation ap-
proaches. Warshel (136) had developed a method
for simulating the molecular dynamics of a reacting
enzyme-substrate complex: it allows one to explore
what type of fluctuations are involved in enzymatic
reactions and to evaluate entropic contributions to
enzyme catalysis. In a preliminary study, this me-
thod was applied to lysozyme (136).

9. The high (physiological) temperature form of hen
lysozyme

9.1. A phase transition in a protein crystal

In 1972, Jollés and Berthou (137) noticed that
tetragonal crystals were unstable above 25 °C and
especially at physiological temperatures (37-
40 ° C); under the influence of temperature alone
they transformed into stable orthorhombic crys-
tals. Later on it became clear (138, 139) that the
other forms obtained at low temperature were able
to transform into this same orthorhombic form,
whatever the initial conditions of crystallization
had been, the only difference being the transition
point: this form seems thus to be the stable form at
high, and more particularly physiological, tempera-
ture. The latter is stable over a broad range of
temperatures and can be obtained until 55 °C. The
possibility was considered that the enzyme mole-
cule undergoes a conformational transition which
could account for the existence of the two crystal-
line forms.

9.2. Behaviour of the high temperature form in
solution

To this thermodependence of lysozyme crystalli-
zation there correspond particular properties in so-
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lution. Evidence for a specific temperature-depen-
dent conformational transition between 20 and
30 °C was obtained by means of 13C-nuclear mag-
netic resonance spectroscopy (140); a decrease in
the affinity of lysozyme for N-acetylglucosamine
was noted at neutral pH above the transition
temperature (25 °© C), when this sugar was known to
be a strong inhibitor at 20 °C (141). Evidence in
favour of the existence of a structural transition in
lysozyme which does not involve denaturation, has
also been provided by the finding of a sharp break
in the Arrhenius plot at 25 ° C; a pH dependence of
this temperature-induced rearrangement was ob-
served, which suggests a possible involvement of
some carboxylic groups in the transition (142). As
some importance has already been attributed to
these carboxylic groups in the inhibitory action of
N-acetylglucosamine at low temperature, Saint-
Blancard et al. (143) decided to reinvestigate the
action of this sugar at 40 ° C (physiological temper-
ature for birds) and at different values of pH; inhi-
bitor-insensitive lysozyme forms were thus charac-
terized. Finally it was recently determined (144)
that, in the pH range 6.7-8.6 frequently used in
experiments involving lysozyme, the pH optimum
of lysis of Micrococcus luteus cells at low ionic
strength (0.02-0.05) by the high temperature form
was 1-2 units lower than that by the low tempera-
ture form. All these experiments suggested the ex-
istence of two different temperature-induced ranges
in each of which lysozyme behaves differently, pos-
sibly because of different conformations. These
were called the A and B forms (low and high
temperature forms, respectively).

9.3. Three-dimensional structure (high temperature

form)

Two independent 6 A maps of the structure of the
high temperature orthorhombic crystals were ob-
tained by means of double isomorphous replace-
ments (145) and molecular replacements (146). The
initial model obtained (R = 0.52 at 6.0 A) was re-
fined first as a rigid body at 6.0 A and then by
restrained least-squares at 2.5 A and later at 2.0 A
resolution (147). The final model (R =0.23 at
2.0 A) was compared with that of the tetragonal
form: the structures are very similar with a root
mean square difference in superimposed a-carbon
coordinates of 0.46 A. There are, however, differ-
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Fig. 6. Electron density around (a) Pro-70 and (b) Trp-62 (upper centre) and Trp-63 (bottom) as obtained at 2.0 A resolution in the high
temperature form crystals of hen lysozyme (reproduced from Berthou et al. (147), with permission).



ences which are caused by a crystal contact involv-
ing the upper part of this active site in the high
temperature orthorhombic form. Because of this,
residues Trp-62 and Pro-70 are much better or-
dered than in the tetragonal form where they are
exposed to solvent (Fig. 6). These differences can
partly explain the difficulty of inhibitor-binding in
high temperature orthrohomic crystals, but do not
seem to reflect the particular behaviour of lysozyme
in solution at high temperature (147).

10. From crystallography to evolution

10.1. An evolutionary link between lysozymes of
different classes?

The lysozymes of hen egg-white, goose egg-white
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and bacteriophage T4 have similar catalytic proper-
ties: two amino acids, Glu-35 and Asp-52, are in-
volved in the active site of hen lysozyme (5, 118).
Obviously Glu-73 of goose lysozyme and Glu-11 of
phage lysozyme are counterparts to Glu-35 in hen
lysozyme; similarly Asp-86 of goose and Asp-20 of
phage lysozymes correspond to Asp-52 of hen lyso-
zyme (49, 69, 70). The amino acid sequences of the
three lysozymes are not homologous; nevertheless
Jolles et al. (49, 69) noted that a sequence homology
occurs between residues 35 — 54 of hen lysozyme
(beginning of exon 2) and residues 73 — 88 of the
ostrich (g type) enzyme. The beginning of exon 2
corresponds to Go’s (102) module M2, a further
indication that the latter might correspond to the
‘primitive glycosidase’. The question therefore
arises whether they are derived from a common
ancestral protein or have arisen independently.

Fig. 7. Simplified drawing of goose egg-white lysozyme showing those parts of the structure that are common to hen and to phage
lysozymes. Parts that are common to all three lysozymes are shown as bricks, parts common to goose lysozyme and hen lysozyme are
shown dotted, parts common to goose lysozyme and T4 phage lysozyme are shown dashed, and parts that occur only in goose lysozyme
are shown as open (reproduced from Griitter et al. (70), with permission).
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It has been suggested that the amino acid se-
quence of a protein is much more variable and
changes more rapidly than its tertiary structure and
meaningful comparisons between distantly related
proteins should therefore come from structural
rather than from sequence homology studies. It has
been shown that the three lysozymes are at least in
part similar in the conformation of their back-
bones. The three-dimensional sequence of goose
lysozyme is more similar to both hen and phage
lysozymes than phage and hen lysozymes are to
each other (70, 72). There are extended regions of
goose lysozyme that are strikingly similar to hen
but not to phage lysozyme. Also there are other
regions of goose lysozyme that correspond closely
to phage but not to hen lysozyme. This is not so for
hen and phage lysozymes: there are no regions of
extended similarity that are exclusive to these two
enzymes (Fig. 7).

This pattern of structural similarities between the
three lysozymes places restrictions on their proba-
ble linkage. One could imagine that a hen type or
phage type lysozyme might evolve to (or from) a
goose type lysozyme; direct evolution from a phage
type to a hen type lysozyme seems however very
unlikely. Several possibilities of divergence of the
three lysozymes from a common precursor were
proposed (70) (Fig. 8). The dissimilarity of the ami-
no acid sequences of the three lysozymes allows to
speculate on the evolutionary time since their div-
ergence. According to Wilsonet al. (91, 148), ctype
lysozymes have undergone a 1% change every
2.5 million years. In the absence of a detectable
homology, it is assumed that the three sequences
have changed relative to each other by at least 99%:

AR »AEEOe E®
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Fig. 8. Formalized representation of the relation between the
structures of hen type, goose type and phage type lysozymes
together with possible transitions that could have occurred be-
tween precursors of these lysozymes during the course of evolu-
tion. The symbols are not meant to represent distinct structural
domains. Rather, the rectangles represent those structural ele-
ments that are common to all three lysozymes, the triangles
represent features unique to goose lysozyme and hen lysozyme,
the circles represent parts of the lysozyme structures that occur
only in goose lysozyme and T4 phage lysozyme and the star
represents the polypeptide segment that occurs only in goose
lysozyme (see Fig. 7) (reproduced from Griitter et al. (70), with
permission).

thus the estimated time since the divergence of the
three lysozymes is at least 1.2 X 10? years, well be-
fore the separation of the mammals and reptiles
(0.3 X 10° years) (70) and very likely before the
evolution of the first eukaryotes (1.3-1.9 X 109
years ago) (149).

10.2. A lysozyme type mechanism in the -1,4-gly-
coside hydrolases?

The N-terminal sequence of an endo-8-1,4-glu-
canase from the cellulose complex of the white rot
fungus Schizophyllum commune has quite recently
been determined (150). It was homologous with the
active site sequences of various ¢ type lysozymes.
The sequence homology offers evidence of a lyso-
zyme type mechnism in enzymic hydrolysis of cellu-~
lose; it is also remarkable since it implies a closer
ancestral link between the endoglucanase and c
type lysozymes than between the latter and other
types of lysozyme (goose ad T4 phage). In this
respect the case of endoglucanase is analogous to
that of e-lactalbumin.

10.3. A substrate-induced evolution

In the past, the search for an evolutionary con-
nection between proteins or enzymes of various
species and phyla has been attempted through the
comparison of primary or three-dimensional struc-
tures or immunological cross-reactivity. In all of
these comparisons it has been tacitly assumed that
the substrate of the enzyme or ligand of the binding
protein has not undergone any major evolution of
its own. The variation in composition and structure
of the bacterial cell wall from a highly complex
multi-layered peptidoglycan as in Gram-positive
bacteria to the mono- or bi-layered peptidoglycan
of Gram-negative bacteria and further to the rela-
tively simple external cell wall of fungi and insects
containing chitin, may have had a direct bearing on
the differences found in the specificity of lysozymes
from different sources. These changes in cell wall
structure could have provided the impetus for a
type of ‘substrate-induced evolution’ of lysozymes,
perhaps by the independent evolution of these en-
zymes from non-lysozyme protein progenitors
(151).

The various lysozymes can be classified accord-
ing to their specificity requirements. ¢ type lyso-



183

Table 2. Substrate specificity requirements of lysozymes (151). Digestibility of substrate: +++, well-digested; ++, fair; +, poor; -, not
digested. Substrate types: I, peptide-substituted glycan; 11, unsubstituted glycan; 111, (GleNAc), = oligosaccharides (n = 3-6) isolated

from chitin.
Lysozyme source Substrate types presumed
main
1 111 natural
(GleNAc-MurNAc), (GlcNAc-MurNAc), (GlcNAc), substrate
. (type)
peptide
c type ++ ++ I, 11, (111)
g type +++ + I, H, (III)
Papaya + + ++ 11
T4 phage +++ - I

zymes appear to act equally well on peptide-substi-
tuted or unsubstituted peptidoglycan and also on
chitin oligosaccharides, although slower than on
the linear peptidoglycan. g type lysozymes have a
similar specificity on the linear peptidoglycan as the
c type enzymes, but does not act on chitin oligosac-
charides nor is inhibited by the latter (152, 153).
Furthermore, in contrast to the ¢ type lysozymes
which are capable of both hydrolysis and trans-
glycosylation, g type enzymes act only as hydro-
lases. The specificity requirements of the phage lyso-
zymes are much more stringent as they digest
glycosidic linkages next to peptide-substituted
N-acetylmuramic acid residues. Plant lysozymes
have a quite distinct specificity and present a high
activity on chitin oligosaccharides and cleave the

Table 3. Lysozyme activity in various human body fluids (154).

peptide-substituted peptidoglycan very poorly (75,
76) (Table 2).

11. Biological role of lysozymes

Lysozymes are widespread enzymes occurring in
many human tissues and secretions (Table 3) (154)
and in those of various other vertebrates, inverte-
brates as well as bacteria, phages and plants. How-
ever despite extensive studies devoted to their struc-
ture, catalytic mechanism, relationship between
structure and activity, phylogeny, immunology and
genetics, their functions in higher vertebrates are
still open to question, with the exception of their
probable antibacterial role following Fleming’s

Kind of fluid Number Lysozyme activity mg/1 (X £ o)
Serum of healthy adults 85 9.8+ 2.90
Serum of healthy children 20 10.8 + 2.31
Serum of healthy newborn 33 10.6 £ 1.70
Serum of umbilical blood 20 85+ 2.53
Urine of adults and children 96 05x 045
Cerebrospinal fluid (without pathological signs) 25 0.5+ 1.30
Gastric juice (fasting) 35 74.2 £ 31.40
Bile (fraction B) 3 04x 041
Saliva 35 88+ 297
Mothers’ milk 21 65.0 £ 10.20
Amniotic fluids 10 93% 3.02
Sperm 10 134+ 5.38
Tears 5 1267 +58
Transudates 7 149 +£26.2
Pus 3 150 +404
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original hypothesis that lysozyme plays a part in the
body’s defence against infection. The possibility
that this enzyme may have other important physio-
logical functions and will find practical applica-
tions has been repeatedly suggested. Distinction
must be made however between enzymatic and
non-enzymatic activities of lysozymes. It should be
pointed out that most of the biological studies have
been performed so far with hen lysozyme. However
one should not generalize the role(s) of lysozyme(s)
from one animal to the next (human and hen lyso-
zymes do not share all their properties) or from one
microbial species to the next or from one environ-
ment to the next.

11.1. Lysozyme’s enzymatic activity: role in the
body’s defence mechanisms

The literature abounds with evidence pertaining
to the functional significance of lysozyme in various
organisms as a defence mechanism against bacteria
and chitin-covered pathogens. Lysozyme in inver-
tebrates may perhaps serve as a rudimentary pro-
tective system since these organisms do not produce
immunoglobulins. The specificity of the lysozymes
in this case is against the bacterial cell wall. The
papaya and fig proliferate in climates that are fa-
vourable to fungal growth. A large number of phy-
topathogenic fungi posses chitin in their cell walls.
It seems reasonable that the papaya enzyme would
act mainly as a chitinase and in conjunction with
the proteolytic enzymes of these fruits offer protec-
tion from invasion. The phage lysozyme, which
requires a peptide-substituted substrate, would also
appear to be uniquely adapted to its host, E. coli, in
which all the N-acetylmuramyl residues are sub-
stituted with peptides (151).

Lysozyme exists in high concentrations in the
egg-white of many birds and two classes of the
enzyme, c and g types, have been characterized (52).
Although these vertebrates all contain immunolog-
ical systems, the egg and developing embryo do not
produce immunoglobulins until about 7 days be-
fore hatching (155). It is therefore possible that the
egg has a high lysozyme content to maintain protec-
tive vigilance until the embryo has the capability to
produce immunoglobulins.

Because it occurs so widely, lysozyme is consi-
dered to be a constituent of primitive unspecific
defence mechanisms associated with the monocyte-

macrophage system, phylogenetically older than
the more specific lymphocyte-plasma cell-immu-
noglobulin system (156). However, evidence is
accumulating for a close functional relationship
between lysozyme and immunoglobulins, a rela-
tionship related mainly but not exclusively to bac-
teriolysis (157). Lysozyme and secretory immuno-
globulins show a similar distribution in various
body fluids. Both IgA and lysozyme are present in
abundance in such external secretions as tears, sali-
va, tracheobronchial secretions and gastric juice
and in only small amounts in such internal secre-
tions as serum, pleural fluid and cerebrospinal
fluid.

The role of lysozyme as an antibacterial agent
appears to be mediated through its direct bacterio-
lytic action (158), as well as via stimulatory effects
on macrophage phagocytic function (159). The sig-
nificant role of lysozyme in mediating the microbial
action of rat alveolar macrophages has been dem-
onstrated (158): phagocytosis of intact bacteria did
not occur, whereas lysozyme-degraded bacteria
were rapidly phagocytized. It has also been demon-
strated that lysozyme may directly enhance phago-
cytic activity of polymorphonuclear leukocytes
(160) and macrophages (159). Studies with cultured
monocytic cells showed that the addition of high
concentrations of lysozyme to the media resulted in
an enhanced phagocytosis of tubercle bacilli (159,
161).

From a study devoted to the action of lysozyme
on oral microorganisms, several important obser-
vations concerning its antibacterial properties
could be deduced (162). The studies were per-
formed with oral microorganisms representing the
seven serotypes of Str. mutans, Veillonella alcales-
cens and the virulent and avirulant strains of Actin-
omyces viscosus T14. The results indicated that
different mechanisms may be responsible for the
bacteriostatic, lytic and bactericidal properties of
lysozyme and that the enzyme is a selective but
effective antibacterial factor for oral microorga-
nisms.

11.2. Lysozyme in association with other biologi-
cally active proteins

The mechanism of lysozyme’s role in the defence
from pathogens, summarized above, remains to be
fully explained: most probably it is intricately in-



terrelated with other components for full effective-
ness (163). Among them should be mentioned:
complement,” lactotransferrin which inhibits the
growth of certain microorganisms by chelating
iron, antibodies (see also section 11.1) such as milk
sIgA which potentiates the antibacterial activity of
lactotransferrin (164). Moreover lysozyme, lacto
(or ovo) transferrin and immunoglobulins are
found together in several natural secretions such as
saliva, tears, certain milks (165), bronchial mucus
or egg-white.

11.3. Lysozyme and immunostimulation

Jolles (166) suggested in 1976 that a possible
physiological function of lysozyme might consist of
an indirect effect arising in the course of its action
on bacteria. Indeed lysozyme alone or associated
with other enzymes finds itself in vivo in various
tissues and compartments of the body (such as the
respiratory tract and the digestive tract) or in in-
flammation sites in presence of various bacteria
(Gram-positive or Gram-negative). Simple and
small digestion or split products (from peptidogly-
cans) as well as similar compounds with a some-
what higher molecular weight can thus arise; they
belong to a group of naturally widespread substan-
ces which are able to exert an adjuvant or immuno-
stimulating activity: stimulation of the production
of antibodies against a variety of antigens, induc-
tion of delayed hypersensitivity to the same or other
antigens, enhancement of resistance against bacte-
rial or viral infection, mitogenic activity, etc.

11.4. Lysozyme as a marker in the course of some
diseases

Determination of serum and/or urinary lyso-
zyme is useful in the diagnosis of several diseases or
as a marker substance in their development.

Serum lysozyme levels have intensively been de-
termined in the diagnosis of leukemias. The normal
serum lysozyme concentration varies from 7 to
20 pg/ml. In acute lymphoblastic leukemia the se-
rum lysozyme level was significantly decreased
(4 pg/ml) whereas in chronic myelogenous leuke-
mia (32 ug/ml) as well as in acute monoblastic
(122 ug/ml) and myelomonocytic (33 ug/ml)
leukemias the serum lysozyme concentration was
greatly increased (167, 168). Evaluation of serum
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lysozyme in sarcoidosis was reported to be useful in
determination of this disease activity (169).

More generally, increased serum lysozyme activi-
ty might be due (170) to (a) diminished enzyme
degradation (impaired renal glomerular filtration)
or to (b) increased enzyme production provoked by
benign myeloid hyperproliferation (such as acute
bacterial infection or leukemoid reaction), malig-
nant myeloid hyperproliferation (acite or chronic
granulocytic leukemia, myeloid metaplasia), be-
nign monocyte hyperproliferation (sarcoid and tu-
berculosis, monocytic leukemoid reaction), malig-
nant monocyte hyperproliferation(acute or chronic
monocytic leukemia, myelomonocytic leukemia).

Reduced serum lysozyme activity might be due to
(a) increased enzyme excretion (proximal tubular
renal disease) or (b) decreased enzyme production
provoked by benign myeloid hypoproliferation
(aplastic anemia) or malignant myeloid hypoprolif-
eration (leukemic reticuloendotheliosis, acute lym-
phoblastic and lymphosarcoma leukemias, most
aleukemic leukemias).

Only small quantities of lysozyme are normally
found in urine (0.10 mg/1) (171) because of a very
efficient tubular transport mechanism. Urinary
lysozyme measurement is therefore helpful in eva-
luating patients with renal disease, especially that
associated with tubular dysfunction (172). Urinary
excretion of the enzyme was also followed in the
diagnosis of renal allograft rejection (173). Patients
sustaining severe burns excrete greater amounts of
lysozyme than patients with mild burns and normal
controls: acorrelation was found between the severi-
ty of the clinical situation and the increase of lyso-
zyme concentration in urine (174).

Lysozyme determinations have also been per-
formed in two further secretions. The degeneration
of the tear gland in kerato conjunctivitis sicca re-
sults not only in a decrease in tear fluid production,
but also in a decrease in tear lysozyme concentra-
tion (175). The presence of the enzyme in the cere-
brospinal fluid has been claimed to be a sensitive
index of inflammatory and neoplastic diseases of
the central nervous system (176).

11.5. Lysozyme, a basic protein
Lysozymes are usually basic proteins that may

interact with a series of acidic compounds. Interac-
tions with acidic mucous glycoproteins has been
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reported (177): they may influence gel structure and
consequently the rheologic and transport proper-
ties of tracheobronchial mucus.

The action of rennin, a rather acidic enzyme, on
k-casein (milk clotting process) seems to proceed in
a different manner when lysozyme is added to cow
milk which normally is devoid of this enzyme.

Interaction of lysozyme with the quite acidic,
sulfated, proteoglycans has been observed by the
group of Kuettner (178, 179) in the course of their
studies devoted to lysozyme in cartilage and calcify-
ing tissues: epiphyseal cartilage is especially rich in
lysozyme and it has been suggested that the enzyme
might play a role in the calcification of this tissue
where a correlation of proteoglycan biosynthesis
and lysozyme activity has been observed (180). In
the presence of these acidic substances, lysozyme
might play the role of a local buffer. The formation
of complexes between lysozyme and heparin has
been reported and was used for the purification of
the enzyme by affinity chromatography (181). Fi-
nally, lysozyme as a basic protein, is able to bind to
anions of inorganic origin.

11.6. Miscellaneous, sometimes unexpected prop-
erties of lysozyme

Lysozyme tends to associate into dimers and
higher polymers as a function of pH, concentration
and temperature (182). Their biological properties
and occurrence in vivo have so far not been studied
in detail.

The binding of drugs to lysozyme has also been
reported (183): it was anticipated that anionic drugs
would easily interact; this was not observed. The
weakest acid of three sulpha drugs, i.e. sulphathio-
zole, had the highest affinity constant whereas the
strongest acid, sulphisoxazole, has a rather low
affinity constant; chloramphenicol, neutral over
the pH range investigated had a very high affinity
for the enzyme.

When lysozyme is used in association with other
antibiotics, it is important to avoid aminoglycosidic
antibiotics, such as neomycin B, gentamicin C,,,
kanamycin A or dihydrostreptomycin, the struc-
ture of which is related to the saccharidic substrate
of the enzyme: indeed its lytic activity was pH-de-
pendent inhibited by these compounds (184).

The antibiotics thiostrepton and polymyxin B as
well as cardiotoxin II of the Indian cobra exert a

powerful, but incomplete and irreversible, inhibito-
ry action on the lysis of M. luteus cells by the
enzyme (185).

Duringa Symposium held in Milan in 1964 (186)
several communications were devoted to the fact
that lysozyme relieved rheumatic fever and pain
and had a therapeutic effect on rheumatoid arthri-
tis. Later, on several occasions, lysozyme was
claimed to possess analgesic properties (187, 188,
189). Antinociceptive activity of the enzyme was
recently determined against abdominal contrac-
tions provoked by irritants injected intraperitoneal-
ly into rats (189) and mice (190). Some of the men-
tioned properties might not be due to lysozyme as
such but might be related to some peptides obtained
after (enzymic) degradation of the molecule.

11.7. Pharmaceutical applications

Lysozyme, almost exclusively from hen egg-
white, has been used either alone or in additiontoa
series of other components such as various antibio-
tics (tetracyclin, bacitracin), enzymes (a-amylase,
papain), vitamins, etc. The presence of lysozyme
was claimed (191) to be efficient in the treatment of
various bacterial or viral (zona, herpes zoster) in-
fections, colitis, various pains, allergies, inflamma-
tions as well as in pediatrics (maternization of cow
milk by addition of lysozyme). However, it should
be pointed out that in most cases molecular phar-
macological studies have not yet been performed.
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