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Effect of cysteine modifications on the activity of the
‘'small’ Clostridium perfringens sialidase
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Biochemisches Institut, Christian-Albrechts-Universitét, Olshausenstr. 40, 24098 Kiel, Germany

The ‘small’ (43 kDa) sialidase of Clostridium perfringens is inhibited by low concentrations of mercury ions. For the
investigation of possible functional roles of the enzyme’s four cysteine residues at the amino acid positions 2, 282, 333 and
349, they were separately altered to serine by site-directed mutagenesis. The four mutant sialidases expressed in E. coliand
purified by metal chelate chromatography were markedly reduced in specific activity when compared to the wild-type
enzyme but with the exception of C282S exhibited similar Ky-values indicating an unchanged mode of substrate binding.
The substrate specificity was also conserved for C2S, C282S, and C333S. Only the C349S sialidase exhibited a higher
relative activity with colominic acid and the a2,6-linked sialic acid of sialyllactose compared to the a2,3-linked isomer than
the other mutants. Chemical modifications with the thiol-blocking reagents N-ethylmaleimide (NEM), p-chloromercuriben-
zoate (pCMB) and HgClI; had little effect on the C282S sialidase, e.g., 6% inhibition by 5 mm NEM compared to reductions in
activity between 65 and 90% for the wild-type and other mutant enzymes, supporting the idea that among the enzyme’s
cysteines, Cys-282 has the highest structural or functional significance. The results also explain the higher mercury
tolerance of Salmonella typhimurium and Clostridium tertium sialidases, which have the positions equivalent to Cys-282
altered to Val and Thr, respectively, indicating that the thiol group of Cys-282, despite being situated near the active site, is
not involved in catalysis.
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Introduction single strains of a bacterial species [6]. Remarkably,
the sialidases are often found in microorganisms which live
in close contact with an animal host, whereby the enzyme
may serve as a colonization and virulence factor, or as a
tool for nutrition [7,8]. The nucleotide sequences of
several sialidases have been investigated and similarities
were detected supporting the hypothesis of a common sia-
lidase origin [9].

The ‘small’ (43 kDa) sialidase of Clostridium perfringens
A99 was the first bacterial sialidase for which several
amino acids have been exchanged by site-directed mutagen-
esis in order to investigate their structural or functional
importance [10]. Strikingly, this enzyme was inhibited
by low concentrations of HgCl, [11], giving a hint of
a possible participation of one or more of its cysteines in
substrate binding, catalysis or structure stabilization. This
sialidase possesses four cysteines at positions 2, 282, 333 and
349. In order to deduce the significance for structure and
activity of the individual cysteine residues, they were altered

Sialidases (N-acylneuraminosyl glycohy dro lases, EC 3.2.1.18)
hydrolyse a-glycosidically bound sialic acids [1], which are
frequently found as terminal constituents of oligosacchar-
ides, glycoproteins and glycolipids in higher animals and
some microorganisms [2]. These enzymes, however, are
distributed not only throughout the metazoan animals of
the deuterostomate lineage, but also occur in some proto-
zoa, viruses, fungi and bacteria [3]. Whereas the different
kinds of sialidases in animals play an important role in the
turnover of sialoglycoconjugates, thereby influencing the
lifetime of cells and molecules [4, 5], the biological function
of the microbial enzymes has not been finally clarified,
especially since sialidases are sometimes produced only by
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separately to serine. The purified wild-type (WT) and mu-
tant enzymes were characterized and their changes in activ-
ity after chemical modification of the thiol groups were
analyzed.
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Materials and methods
Bacterial strains, vectors and media

Escherichia coli JM 101 [12] was purchased from Pharma-
cia (Freiburg, Germany), while E. coli BL21(DE3)pLysS
[13] used for the expression of the sialidases was a gift
of Dr. Constantin Vorgias (EMBL, Hamburg, Germany).
The bacteriophage vector for cloning and sequencing
(M13mp19) [14] was from Boehringer (Mannheim,
Germany), and the expression vector pQE-10 (QIAexpres-
sionist Kit type IV) was from QIAGEN (Hilden, Germany).

E. coli was propagated at 37 °C in Luria Bertani broth
[15] or on 1.8% agar media. Alternatively, 2 x YT broth or
M9 minimal broth were used, and after electroporation, cells
were grown in SOC medium [15]. Media were supplemented
with 34 mgl~! chloramphenicol (Sigma, Deisenhofen, Ger-
many) for the selection of the pLysS-vector and with
100 mgl~! ampicillin (Boehringer, Mannheim, Germany)
and 0.1 mwm isopropylthio-f-p-galactoside (IPTG; Serva,
Heidelberg, Germany) for the selection of the pQE-10 vector.

Site-directed mutagenesis and expression of the
mutant sialidases

The wild-type sialidase structural gene was obtained by
amplifying the original gene [16] from chromosomal DNA
of C. perfringens strain A99 by PCR with primers introduc-
ing BamHI-cleavage sites at both ends of the product in
order to facilitate cloning [17]. Then the PCR product of
1.16 kb was inserted into the phage vector M13mp19 and
single-stranded DNA was prepared according to [15].
The appropriate strand was selected by hybridization with
the 3?P-labeled non-template PCR primer. Site-directed
mutagenesis was performed with the ‘Sculptor™ in vitro
mutagenesis system’ (Amersham, Braunschweig, Germany)
by using the 5'-phosphorylated primers (Dr. W. Kullmann,
Institut fiir Zellbiologie und Klinische Endokrinologie,
Hamburg, Germany) GAG GAT CCA TCC AAC AAA
AAC AAT AC for the C2S-mutation, GGC TCT GGA
TCG CAG GGT TCC TTT ATT for C282S, GTT CAA
GAA ATA TCG ATT CCT TAT CC for C333S and GT
GGC TAT TCT TCT CTA TCA TTT AAA for C349S
(exchanged nucleotides underlined). These primers were also
used to select the mutants by colony hybridization [15]. Each
mutation was confirmed by sequencing of the final DNA-
product with Sequenase-Kit 2.0 (USB, Cleveland, USA).

The double-stranded DNA of the phages was prepared
from the host cells [15] and digested with BamHI. The
mutated sialidase genes were inserted into the expression
vector pQE-10. E. coli BL21 (DE3) pLysS was transformed
with these constructs by electroporation. After incubation
on selective media, the sialidase-producing clones were se-
lected by a qualitative activity assay with 4-methylumbel-
liferyl-o-p-N-acetylneuraminic acid (MU-Neu5Ac) (Sigma,
Deisenhofen, Germany) or by proving the presence of an
1.16 kb insert after plasmid-preparation [15].
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Enzyme purification

E. coli clones expressing the mutant sialidases were grown
overnight in 2 ml or 20 ml cultures at 37 °C. After 14—18 hrs
of growth, the cells were harvested by centrifugation
(6,000 x g, 10 min, 4 °C) and resuspended in 0.2 ml or 2 ml of
lysozyme buffer (25 mm Tris, 2 mm EDTA, pH 8.0, with
5 mg lysozyme ml~!), respectively. The suspension was in-
cubated for 30—60 min at 37 °C for release of the sialidase.
After centrifugation (13,000 x g, 10 min, 4 °C), the enzyme
was found in the supernatant, where it was detected by
activity measurement and SDS-polyacrylamide gel elec-
trophoresis according to Laemmli [18].

The expression system pQE-10 added a six histidine-con-
taining affinity tag (Hise) to the N-terminus of the protein,
thus allowing the purification of the sialidase by affinity
chromatography on Ni-nitrilo-tri-acetic acid agarose (Ni-
NTA Spin, Kit; QIAGEN, Hilden, Germany). The spin
columns were equilibrated with 600 pl of 50 mm sodium
phosphate buffer, pH 8.0, containing 300 mm NaCl, for
2 min at 2,000 rpm. Up to 600 pl of the lysozyme super-
natant were applied to the column, which was washed
once with 600 pl of the equilibration buffer and twice
with 50 mm sodium phosphate buffer, pH 6.0, containing
300 mm NaCl. The sialidase was eluted with 2 x200 pl
50 mm sodium phosphate buffer, pH 6.0, containing
300 mm NaCl and 250 mm imidazole. After measuring the
sialidase activity, protein content, and purity in SDS-
PAGE, the fractions containing pure enzyme were pooled
and stored at 4 °C. For a longer storage 0.01 M sodium azide
was added.

Sialidase and protein assays

In the qualitative sialidase assay, E. coli colonies were
sprayed with MU-NeuS5Ac. Those expressing sialidase
activity were identified by their blue-white fluorescence
under UV-light (360 nm) [16]. Sialidase activity was quanti-
fied during enzyme purification and with the thiol-modified
sialidases by incubating 10 pl enzyme solution with 80 pl
0.1 M sodium acetate buffer, pH 6.1, and 10 ul of 1 mm
MU-Neu5Ac for 10 min at 37°C (standard assay condi-
tions). If necessary, the enzyme sample was diluted with
a 50 mm maleic acid buffer, pH 6.1, containing 1 mgm]™*
bovine serum albumin and 0.02% sodium azide. Free 4-
methylumbelliferone (MU) was measured in a M1000
fluorimeter (Perkin-Elmer, Uberlingen, Germany) using ex-
citation at 365 nm and emission at 450 nm. The instrument
was calibrated with MU solutions [19]. One unit was de-
fined as 1 umol of product formed per min.

In order to determine the influence of pH on catalysis,
the activity was measured at 0.1 mm MU-Neu5Ac con-
centration in a buffer system with a constant ionic
strength of 0.1 moll~! containing 0.05 m acetic acid, 0.1 m
triethanolamine and 0.05M 2-(N-morpholino)ethanesul-
fonic acid [20]. The pH was adjusted with hydrochloric acid
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or tetraethylammonium hydroxide in the pH-range of 3.0 to
9.0 in steps of 0.5.

Kinetic experiments were performed at substrate concen-
trations of 1.0 mMm, 0.5 mm, 0.2 mm, 0.1 mm and 0.05 mm
MU-Neu5Ac by incubation for 10 min at 30°C with the
buffer system described above [20] adjusted to pH 6.5-Ky
and V., were calculated by fitting the data to the
Michaelis-Menten equation by non-linear regression with
the program Enzfitter (Biosoft, Cambridge, UK).

The substrate specificity was tested with «2,3- and «2,6-
sialyllactose [21], colominic acid (x2,8-polysialic acid;
Sigma) and native bovine submandibular gland mucin
(BSM) [22] by determining the amount of liberated sialic
acids after incubation with 5Spl enzyme solution
(0.1-0.4 mU), 50 pl 0.2 m sodium acetate buffer, pH 6.1, and
45 ul sialoglycoconjugate solution (final concentration of
sialic acids 1 mm) for 20 min at 30 °C, according to Reuter
and Schauer [22].

Protein concentrations were determined by the Bio-Rad
micro-protein assay (Bio-Rad, Miinchen, Germany) using
different concentrations of bovine serum albumin (BSA;
Sigma, Deisenhofen, Germany) as standard.

Chemical modification of the sialidases

The thiol modifying agents NEM, pCMB and HgCl, were
used to measure the rate of inactivation of the mutant
sialidases in comparison to the wild-type enzyme (WT) [17]
and the sialidase of Salmonella typhimurium (Sigma, Deisen-
hofen, Germany).

For determining the reagent concentration needed for
50% enzyme inactivation, the following concentrations
were tested: 0, 0.5, 1, 2, 5,and 10 mm NEM; 0, 0.01, 0.1, 1, 10,
100, and 1000 um pCMB and 0, 0.01, 0.05, 0.1, 1, 10, and
100 pmHgCl,. Reactions were performed in siliconized
tubes for 15 min at 25 °C in 50 mM maleic acid buffer, pH 6.0
(NEM), or in 0.1 M sodium acetate buffer, pH 6.1 (pH 5.1 in
the case of the S. typhimurium sialidase) for 10 min at 30°C
(pCMB, HgCl,) in the presence of 0.1 mm MU-NeuSAc. At
this low substrate concentration significant protection
against modification would not be expected.

For investigation of the time-dependence of inactivation,
the different sialidases at protein concentrations of 0.007 um
(C2S), 0.7 um (C2828S), 0.005 um (C333S), and 0.0014 pum
(C349S) in 50 mMm maleic acid buffer, pH 6.1, were incubated
with 5 mm NEM in siliconized tubes. Samples of 10 ul were
withdrawn at regular intervals and the sialidase activity was
measured with the standard assay. The relative activity data
were fitted to theoretical models describing the decrease of
activity that is caused by the modification of one or two
cysteine residues [23] with the program Enzfitter. In the
case of residual activity after modification, two models were
applicable:

(i) Model 1: The modification of one cysteine residue is
responsible for the inactivation.
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A/AO = (1 - Fl)eikll + Fls

where A/A, represents the relative activity at time t, F; is
the relative residual activity of the modified enzyme, and k;
is the rate of constant for the loss of activity.

(i) Model 2: The modification of two cysteine residues is
responsible for inactivation.

A/AO = F3 + (1 — Fl — F2 + F3)e_(k1+k2)[
+ (F; — Fy)e ' 4 (F, — F3)e &t

Modification of one group leads to the activity F, that of
the other to F,, that of both residues to the residual activity
F;. The velocity constants of the two inactivating reactions
are k; and k.

Results and discussion

Characterization of the native wild-type and mutant
sialidases

Each of the four cysteine residues was successfully replaced
by serine, which was confirmed by DNA-sequencing. In
contrast to former experiments with the wild-type sialidase
[11], the recombinant sialidases were purified by affinity
chromatography to apparent homogeneity in SDS-polyac-
rylamide gel electrophoresis (data not shown) [17]. The use
of Ni-NTA spin columns reduced the time of this one-step
purification to about 30 min, which resulted in highly active
enzyme preparations with little protein denaturation. Final
yields of about 1 mg protein from 1 litre of culture medium
were obtained with a specific activity of 270 Umg ™" for the
WT-enzyme. The presence of the extra six-histidine residues
at the N-terminus did not appear to effect the catalytic
properties, as has been shown for the wild-type sialidase
[17].

From the kinetic data (Table 1), the Ky-value for C282S
was approximately double that of the wild-type and other
mutant, implying a reduced substrate affinity for this mu-
tant sialidase. In contrast, no significant difference in the
Ky-values compared to those of the WT-enzyme was ob-
served for the C28S, C333S, and C349S sialidases. Therefore,
only Cys-282 might be regarded as being part of or near to

Table 1. Kinetic data of the four mutant sialidases compared to
the wild-type enzyme

Enzyme Ky mol. activity rel. Viax
(mm) (1 per min) (%)

WT 0.17 144000 100

c2s 0.17 1400 1

C282s 0.41 60 0.04

C333s 0.19 600 0.40

C349s 0.16 53400 37

Activity was measured with the substrate MU-Neu5Ac at pH 6.0. Results
shown are means of three experiments.
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Table 2. Substrate specificity of the mutant sialidases in com-
parison to the wild-type enzyme

Enzyme  Relative activities [%] with the substrates
a2,3- a2,6- Colominic BSM
sialyllactose sialyllactose acid
WT 100 18 35 5.0
c2s 100 17.5 4.0 4.0
C282S 100 16 4.5 3.0
C333Ss 100 16 4.0 4.5
C349S 100 35 13.0 6.0

The hydrolytic rates at 1 mM sialic acid concentration are shown relative
to the data obtained with a2,3-sialyllactose which were set to 100%.
Results shown are means of three experiments.
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Figure 1. Sialidase activity of the wild-type and four mutant enzymes at
different pH values. The relative sialidase activities are shown relative to
the pH optimum value for each enzyme form which is set as 100%. The
results are means of three experiments.

the active site. All mutant enzymes were markedly reduced
in molecular activities, especially C2828S, that exhibited only
0.04% of the rate of the WT-form (Table 1). However,
sialidase activity was still detectable for all enzymes,
indicating that these mutations did not alter the 3D-struc-
ture in a way that prevented catalysis.

The substrate specificity of the C2S, C282S, and C333S
sialidases was comparable to that of the wild-type form
when tested with «2,3- and o2,6-sialyllactose, «2,8-polysialic
acid, and native bovine submandibular gland mucin
(Table 2). Interestingly, the C349S sialidase exhibited a two-
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fold higher activity with «2,6-sialyllactose and a 3.7-fold
higher activity with the «2,8-linked sialic acid of colominic
acid relative to o2,3-sialyllactose as compared with
WT-enzyme or the other mutants. Previous modeling ex-
periments 24 suggested that C. perfringens sialidase prob-
ably exhibits a similar tertiary structure to that of S.
typhimurium sialidase, in which Cys-344 is located below
Tyr-342 [25]. This amino acid is assumed to interact with
the substrate during catalysis by stabilizing an oxocar-
bonium intermediate of sialic acid [26]. Changes at Cys-349
of the C. perfringens sialidase may, therefore, cause confor-
mational changes at the active site that influence the sub-
strate specificity. A partially altered conformation caused by
the C349S exchange has already been detected by the laser
photo CIDNP (Chemically Induced Dynamic Nuclear Po-
larization) NMR approach and was predicted by the
homology modeling of the wild-type and mutant sialidase
structures [24]. Changes in substrate specificity were not
observed with the other mutant sialidases or with the bovine
submandibular gland mucin substrate, that contains mainly
o2,6-linked sialic acids.

Testing the sialidase activities in the range of pH 3.0-9.0
revealed that the WT, C2S, C333S, and C349S enzymes
exhibited broad pH optima between pH 5 and pH 7 with
only minor deviations in pH dependence of the mutant
sialidases when compared to the WT-form (Figure 1). Only
the C282S mutant, however, showed a pH optimum shifted
to pH 4. To rule out the possibility that this effect was
influenced by denaturation at extreme pH values, the activ-
ities were measured and shown to be stable at pH 3.5 and
8.5 for at least 30 min (data not shown).

Chemical modification of the wild-type and mutant
sialidases

Modifying the wild-type and mutant sialidases using differ-
ent concentrations of NEM demonstrated that the C282S
enzyme was inhibited far less than the other forms of the
enzyme, losing only 6% of its activity during 15 min of
incubation with 5 mm reagent. On the other hand, the WT,
C28, C333S, and C349S were inactivated by 65 to 90%
under these conditions. Fifty percent inactivation was ob-
served for the wild-type sialidase at 2.6 mm and

NEM for the C2S, C349S, and C333S enzymes at 2.9, 2.6
and 1.6 mm respectively. Cys-282 therefore, accounts for the
major part of the inactivation by NEM-modification, the
influence of the other cysteines being only minimal.

In order to further investigate the impact of the modifica-
tion of these cysteines on activity, the kinetics of inactiva-
tion of the wild-type and the mutant enzymes C2S, C333S,
and C349S were measured at 5 mm NEM (Figure 2). After
modification the wild-type, C333S and C349S enzymes ex-
hibited residual activities of 9, 2 and 4%, respectively, con-
firming that the SH-groups are not directly involved in
catalysis. The best fits to the residual activity data of the
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Figure 2. Inactivation of the wild-type and three mutant
enzymes by 5mM NEM. The relative sialidase activity at time
0 was defined as 1. The regression curves shown were cal-
culated assuming model 2. The results are means of two experi-
ments.

WT, C2S, C333S, and C349S enzymes were achieved
with model 2, indicating that besides the modification of
Cys-282, at least one additional cysteine participated in the
inactivation, as was already suggested by the minor
inactivation of the C282S sialidase. The similarity of the
inactivation behavior of C2S with that of the wild-type form
indicates that modification at cysteine 2 did not influence
the activity. The C333S enzyme was inactivated even faster
than the WT form. The removal of a modifiable group did
not protect the sialidase but enhanced the rate of inactiva-
tion, possibly by influencing the conformation of the en-
zyme.

Modification of the sialidases by the charged reagent
pCMB revealed that for achieving 50% inhibition a
1000-fold higher concentration was needed for C282S
and a 5-fold higher concentration for C349S, whereas
C2S and C333S behaved in the same way as the WT enzyme
(Table 3). A similar pattern of inactivation was observed
with the smaller reagent HgCl, (Table 3). This suggests
that for both modifying agents Cys-282 and to a limited
extent Cys-349 were responsible for inactivation. The modi-
fication of other bacterial sialidases revealed that the
enzymes from S. typhimurium and C. tertium are even more
resistant to inactivation by pCMB or HgCl, (Table 3),
whereas the ‘large’ C. perfringens [11] and C. chauvoei
[27] sialidases behave similarly to C282S when incubated
with HgCl,.
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Table 3. Concentrations of pCMB and of HgCl, needed for 50%
inactivation of the natural and the mutated sialidases

Enzyme pCMB HgCl,
conc. relative conc. relative
(um) conc. (um) conc.
C. perfringens
‘small’
Wild-type 0.08 1 0.07 1
c2s 0.07 0.9 0.07 1
C282S 80 1000 9.5 140
C333s 0.09 1.1 0.05 0.7
C349S 0.4 5 0.11 1.6
S. typhimurium 540 6800 23 330
C. chauvoei ND ND 1.3 18
C. perfringens
‘large’ ND ND 5 75
C. tertium ND ND 5200 75000

The concentrations leading to 50% inhibition of the WT enzyme are set
to 1 in order to better demonstrate the relative inhibitory capacity of the
mercury agents on the different sialidases. Results shown are means of
three experiments each. ND, not determined.

The experimental data presented herein indicates that in
the ‘small’ C. perfringens sialidase the cysteine at position
282 has a greater structural and functional importance than
the other cysteines. A cysteine residue is conserved at this
position in most, but not in all bacterial sialidases (Figure 3),
e.g., in the sialidase from S. typhimurium a valine is present
and in the C. tertium enzyme a threonine is found. This is in
agreement with the known tolerance of these sialidases
towards pCMB and HgCl,. This may indicate an adapta-
tion of these bacteria to environmental requirements (e.g.,
soil). The higher resistance of the large C. perfringens sia-
lidase cannot yet be explained. This enzyme has a cysteine at
the position equivalent to Cys-282 but not at the position
corresponding to Cys-333 in the native ‘small’ sialidase. This
sequence pattern is also shared by the Bacteroides fragilis
and C. septicum sialidases (Figure 3), which might therefore
be assumed to exhibit comparable sensitivities towards
HgCl,. The naturally occurring substitutions of Cys-282 by
valine and threonine in the S. typhimurium and C. tertium
sialidases rule out the requirement of this thiol function for
catalytic activity. However, within a distance of 0.4 nm from
Val-282 of the S. typhimurium enzyme are situated Arg-246
and Arg-309, two residues that interact with the carboxyl
group of the inhibitor 2-deoxy-2,3-didehydro-N-acetyl-
neuraminic acid, and probably also sialic acid [25, 26].

Modifications at the equivalent site of the C. perfringens
sialidase, Cys-282, either by mutagenesis or by thiol-
modifying agents, can be expected to affect the inter-
actions of the homologous Arg-245 and Arg-312 with the
substrate, which may shift pH-optima and reduce the en-
zyme’s activity.
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R4S4 R5S1 S2 U
C.perfS GITTWEIYEPLNGKILTGKGSGCQGSFIKATTS---NGHRIGLTISAPKNTKGEYIRDNI 315
C. sord GSTWEVYDPLHNKISTGNGSGCQGSFIKVTAK---DGHRLGFISAPKNTKGGYVRDNI 333
S. typh GKTWIEFPPMDKKVDNRN-HGVQGSTITIPSG---NKLVAAHSSAQNKNN-DYTRSDI 312
B. frag GKTWTEHESSRKALPESV---CMASLISVKAKDNVLGKDLLIFSNPNTTKG--~RYNT 483
C.perfL  GATWDETVEKDTNVLEPY---CQLSVINYSQK--VDGKDAVIFSNPNARS----RSNG 618
C. sept GATWEDDVVRDENIKEPY---CQLSVINYSQK--IDGKDATIFAIPDANY--PNRVNG 756
C.tert GETWSDRVTVPNMHTTSY--GTQLSVINYAGL--IDGKEAIILSAPDSSS~---ARRNG 688
* * K * +* +*
S3 S4 J  rest S2
C.perfS AVYMIDFDDLS---KGVQEICIP--YPEDGNKLGG--GYSCLSFK-NNH---LGIVYE 362
C. sord TVYMIDFDDLS-~-KGIRELCSP--YPEDGNSSGG--GYSCLSFN-DGK---LSILYE 380
S. typh SLYAHNL—=~——— YSGEVKLIDDF-YPKVGNASGA--GYSCLSYRKNVDKETLYVVYE 361
B. frag TIKISLDGGVT--WSPEHQLLLD--—-- EGNN----WGYSCLSM---IDKETIGILYE 527
C.perfL TVRIGLINQVGTYENGEPKYEFDWKYNKLVKP-~GYYAYSCLTELSNGN---IGLLYE 671
C. sept TVRVGLITENGSYENGEPRYDIEWRYNKVVAP--GTYGYSCLSEMPNGE-~-IGLFYE 809
C. tert KIWIGLISDTG--ASGINKYSIEWKYCYSVDSSNMGYSYSCLTELPNGD---IGLLYE 741

* & Kk Kk *

Figure 3. Alignment of the C-terminal parts of the amino acid sequences from various bacterial sialidases. The sialidase sequences from Clostridium
perfringens(‘small’ [16], S, and ‘large’ [28], L, isoenzyme), C. sordellii[29], Salmonella typhimurium [25], Bacteroides fragilis [30], C. septicum[31], and
C. tertium [EMBL Nucleotide Sequence Database accession No. Y08695] were aligned with the program Clustal W [32]. Cysteines are shown in bold
print and B-strand regions of the S. typhimurium sialidase [25] are underlined and named above the alignment. Amino acids conserved in all sialidases

shown are indicated by stars and the functional residues Arg-312 and Tyr-347 by arrows.
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