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Pasteurella multocida is a mucosal pathogen that colonizes the respiratory system of susceptible hosts. Most
isolates of P. multocida produce sialidase activity, which may contribute to colonization of the respiratory tract
or the production of lesions in an active infection. We have cloned and sequenced a sialidase gene, nanH, from
a fowl cholera isolate of P. multocida. Sequence analysis of NanH revealed that it exhibited significant amino
acid sequence homology with many microbial sialidases. Insertional inactivation of nanH resulted in a mutant
strain that was not deficient in sialidase production. However, this mutant exhibited reduced enzyme activity
and growth rate on 2-3* sialyl lactose compared to the wild type. Subsequently, we demonstrated the presence
of two sialidases by cloning another sialidase gene that differed from nanH in DNA sequence and substrate
specificity. NanB demonstrated activity on both 2-3* and 2-6* sialyl lactose, while NanH demonstrated activity
only on 2-3* sialyl lactose. Neither enzyme liberated sialic acid from colominic acid (2-8* sialyl lactose). Re-
combinant E. coli containing the sialidase genes were able to utilize several sialoconjugants when they were pro-
vided as sole carbon sources in minimal medium. These data suggest that sialidases have a nutritional function
and may contribute to the ability of P. multocida to colonize and persist on vertebrate mucosal surfaces.

Pasteurella multocida is a gram-negative coccobacillus of the
family Pasteurellaceae and is a normal inhabitant of the upper
respiratory system of many animals (24). The organism has a
broad host range and is commonly a secondary pathogen in
upper respiratory infections. Serotype D virulent isolates are
toxigenic, but all serotypes produce capsules which confer se-
rum resistance and resistance to phagocytosis (42). However, it
is unusual to isolate a P. multocida strain that does not produce
sialidase activity (40). Sialidases (neuraminidases; EC 3.2.1.18)
are enzymes that liberate sialic acid from sialylconjugated gly-
coproteins, glycolipids, or colominic acids by cleaving alpha-
ketosidic linkages. It is hypothesized that sialidase contributes
to the virulence of some pathogenic organisms, especially
those that inhabit and invade mucosal surfaces (7). Drzeniek
(14) found sialidase activity in bacterial isolates that belong to
the orders Pseudomonadales and Eubacteriales, and sialidases
have been cloned from Clostridium species (35, 36, 37), Vibrio
cholerae (48), Streptococcus pneumoniae (4, 5), Micromono-
spora viridifaciens (38), and Salmonella enterica serotype Typhi-
murium (21). Many of these bacterial sialidases have about
20% similarity at the amino acid level (21).

Sialidases have been implicated as bacterial virulence factors
(7, 34). It has been shown that a sialidase-deficient mutant of
S. pneumoniae was less able to colonize and persist on mucosal
surfaces than the wild type (46). In addition, a Bacteroides fra-
gilis sialidase-deficient mutant was attenuated in the rat abscess
model (18). The role of sialidase in virulence and nutrition of
bacteria is implied further by recent reports of possession of
more than one sialidase by a number of virulent bacteria, e.g.,
some clostridial species (35) and S. pneumoniae (4).

The bacterial sialidases are divided into two groups based on
size (49). The Salmonella sialidase and one of the Clostridium
perfringens sialidases are approximately 40 kDa in size and are

considered to be members of the “small” sialidase family, while
the sialidases of Clostridium tertium and V. cholerae are greater
than 80 kDa. The larger enzymes generally have multiple pro-
tein domains in addition to the sialidase domain (8, 17, 49).
There are ambiguities in the literature regarding the size of
the sialidases from P. multocida. Drzeniek et al. (13) isolat-
ed an enzyme estimated to be 250 kDa. White et al. (50) and
Straus et al. (45) purified sialidases from multiple serotypes
of P. multocida and estimated their sizes to be in excess of
250 kDa. However, Ifeanyi and Bailie (22) isolated a 36-kDa
protein which possessed sialidase activity. These reports sug-
gest the possibility of multiple sialidase enzymes in P. mul-
tocida. In this report we describe the cloning and characteriza-
tion of the genes encoding two sialidases of P. multocida.

MATERIALS AND METHODS

Strains and culture conditions. P. multocida isolates 86-1913, P1059, and X-73
have been characterized previously (19, 25). A spontaneously occurring nalidixic
acid-resistant derivative of P. multocida P-1059, isolated by plating on brain heart
infusion agar (Difco Laboratories, Detroit, Mich.) containing 50 mg of nalidixic
acid per ml, was used as the wild-type parent for mutant construction. Esche-
richia coli XL1-Blue was used to initially screen the genomic library for sialidase-
producing recombinants. E. coli DH5a was used as the host strain for subcloning
and expression of sialidase constructs. Bacterial strains and isolates were grown
in brain heart infusion broth or agar (Difco Laboratories) at 37°C. The media
were supplemented with ampicillin (100 mg/ml) and/or nalidixic acid (60 mg/ml)
and/or kanamycin (50 mg/ml) for the selection of recombinants. However, for
maximum production of sialidase, cells were grown in RPMI 1640 containing 25
mM HEPES and 2 mM N-acetylmannosamine (13). Unless otherwise indicated,
chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.).

Cloning of sialidase genes. Genomic DNA from P. multocida isolate 86-1913
was extracted from cell suspensions by the cetyltrimethylammonium bromide
method described by Ausubel et al. (3). A genomic library was prepared in
lZAP-EXPRESS according to the manufacturer’s directions (Stratagene, Chats-
worth, Calif.). Recombinant plaques were screened in E. coli XL1-Blue for siali-
dase activity using 29-(4-methylumbelliferyl)a-D-N-acetylneuraminic acid (4MU-
Neu5Ac) in the filter paper test method described by Moncla and Braham (28).
A cosmid library was also created in the broad-host-range vector pJRD215 by
standard methods (3, 11). Recombinant sialidase-positive clones were screened
in DH5a as described above.

DNA sequence analysis. DNA sequencing was performed by dideoxy-termi-
nation in an ABI automated sequencer at the Molecular Genetics Instrumenta-
tion Facility at The University of Georgia by using primer walking. DNA se-
quences were compared to other sequences in GenBank using the online BLAST
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search engine at the National Center for Biotechnology Information (http:
//www.ncbi.nlm.nih.gov/). DNA sequence analysis was performed with Gene Run-
ner 3.04 (Hastings Software, Hastings, N.Y.) or Vector NTI (Informax, North
Bethesda, Md.).

Construction of a sialidase-deficient mutant. A sialidase-deficient mutant was
produced by insertional inactivation by a single crossover event. A 512-bp inter-
nal portion of the sialidase gene was amplified by PCR using the primers F1
(59-GCTTTGATGGCAGTTTATATGTG-39) and R2 (59-TGAAGGAGCCGC
TGTAGTCG-39) with denaturation for 1 min at 94°C, renaturation for 1 min at
55°C, and primer extension for 1 min at 72°C in a 30-cycle program using the
Amplitron II thermocycler (Fisher Scientific, Pittsburgh, Pa.). The reaction mix-
ture contained 2 mM MgCl2, 50 mM Tris (pH 7.4), 0.1 mM primer, 0.2 mM
nucleotides, and 1 U of Taq polymerase per 20 ml. The identity of the PCR
product was confirmed by visual analysis of fragment size using agarose gel
electrophoresis and by DNA sequencing. Nucleotides, polymerase, and buffer
were purchased from Boehringer Mannheim (Indianapolis, Ind.). The 500-bp
amplicon was cloned into pCRII (Invitrogen, San Diego, Calif.), and then the
fragment was subcloned into the XbaI/SacI sites of pGPKan, producing pMZ1.
The suicide vector pGPKan, a derivative of pGP704, was constructed by remov-
ing the PstI fragment containing the ampicillin resistance gene and replacing it
with the 1-kb PstI fragment of pUC-4k containing a kanamycin resistance gene.
pMZ1 was transformed into E. coli SM10 (RecA::RP4-2Tc::Mu::) by electropo-
ration (41). pMZ1 was transferred to P. multocida P-1059 by conjugation (26).
Kanamycin-resistant transconjugants were selected, and nanH was confirmed to
be insertionally inactivated by DNA-DNA hybridization.

DNA-DNA hybridization. Probes specific for each sialidase gene were pro-
duced by restriction enzyme digestion of relevant clones. The DNA fragment was
gel isolated, labeled with digoxigenin by nick translation according to the man-
ufacturer’s protocol (Boehringer Mannheim), and added to 50 ml of hybridiza-
tion buffer (750 mM sodium chloride, 75 mM sodium citrate, 0.1% N-lauryl
sarcosine, 0.02% sodium dodecyl sulfate [SDS], 1% blocking reagent [Boehr-
inger Mannheim] [pH 7.0]). Genomic DNA from P. multocida isolates was ex-
tracted from cell suspensions by the cetyltrimethylammonium bromide method
(3). Genomic DNA was digested with HindIII and separated on a 0.7% agarose
gel. DNA was transferred and hybridized using the protocol for Southern blot-
ting on nylon membranes according to Current Protocols in Molecular Biology (3).
Washes were performed with 0.13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) containing 0.1% SDS at 68°C.

Sialidase purification. Isolation of the sialidase was performed by detergent
(n-octyl glucoside) extraction from whole cells, and the enzyme was purified by
a combination of hydrophobic and size exclusion chromatography. Unless otherwise
indicated, all incubations, centrifugations, and washes were performed at 4°C.

E. coli DH5a cells harboring pNEU101 were grown with shaking (150 rpm) in
1.6 liters of brain heart infusion broth containing 100 mg of ampicillin per ml for
16 h at 37°C. Cells were pelleted by centrifugation (3,500 3 g) for 15 min. The
pellet was washed in 500 ml of phosphate-buffered saline (pH 7). The cells were
then washed with a buffer containing 50 mM Tris HCl, 1 mM EDTA, and 1%
Triton X-100 (pH 7.5). Cells were resuspended in 20 ml of extraction buffer (50
mM Tris HCl, 2% n-octyl glucoside [Fisher Scientific] [pH 7.5]) containing 1 mM
EDTA, phenylmethylsulfonyl fluoride (PMSF; 100 mg/ml), and pepstatin (1 mg/
ml) and mixed thoroughly by low-speed vortexing for 15 min at room tempera-
ture. Cells were pelleted by centrifugation at 10,000 3 g for 15 min. This step was
repeated twice with 15 ml of extraction buffer. The supernatants containing the
extracted sialidase and were pooled and filtered through a 0.2-mm-pore-size filter
(Whatman, Hillsboro, Oreg.).

Saturated ammonium sulfate was added slowly at room temperature to the
filtered extract to 40% saturation. The mixture was allowed to settle for an hour
at room temperature, and then the precipitate was removed by centrifugation at
5,000 3 g for 10 min. The supernatant was collected, the ammonium sulfate
concentration was increased to 60% saturation, and the mixture was allowed to
settle and collected as described above. The sediment, containing the sialidase
activity, was washed once with 60% ammonium sulfate solution and then was
dissolved in 20 ml of solubilization buffer (50 mM Tris HCl, 1% Triton X-100,
5 mM EDTA, 100 mg of PMSF per ml, 1 mg of pepstatin per ml [pH 7.5]). The
suspension was dialyzed against 20 mM sodium citrate buffer at pH 5.1. EDTA
was added to the dialysate to 5 mM, and then the mixture was centrifuged at
10,000 3 g for 10 min. The supernatant was filtered through a 0.2-mm-pore-size
filter, and the filtrate was loaded at a rate of 10 cm/h onto a carboxymethyl (CM)
Sepharose column (1.5 by 1.5 cm) preequilibrated with CM loading buffer (20
mM sodium citrate [pH 5.1], 1% Triton X-100, 5 mM EDTA). The column was
washed with 10 bed volumes of the loading buffer. Bound sialidase was eluted at
a rate of 5 cm/h with a combined increasing gradient of pH and ionic strength,
with the CM loading buffer as the starting buffer and 100 mM sodium citrate–1%
Triton X-100–5 mM EDTA (pH 5.9) as the ending buffer. Ten column volumes
of each buffer was used, 2-ml fractions were collected, and those containing
sialidase activity were identified by a filter paper spot assay (28).

The CM-eluted fractions containing sialidase activity were pooled and loaded
directly onto a p-aminophenyl oxamic acid column (0.5 by 1.5 cm) preequili-
brated with loading buffer (50 mM sodium citrate, 1% Triton X-100, 5 mM
EDTA [pH 5.5]). The column was washed with 10 bed volumes of loading buffer
and then with 3 volumes of wash buffer (50 mM sodium citrate buffer, 2% n-octyl

glucoside, 1 mM EDTA [pH 5.5]). Sialidase was eluted with a second buffer (50
mM Tris HCl, 2% n-octyl glucoside, 1 mM EDTA, 1 M NaCl [pH 7.5]).

A 1.5- by 50-cm Sephacryl-200 HR column (Amersham-Pharmacia, Uppsala,
Sweden) was packed according to the manufacturer’s protocol. The column was
equilibrated with an n-octyl glucoside buffer (50 mM Tris HCl [pH 7.5], 2%
n-octyl glucoside, 1 mM EDTA, 0.5 M NaCl). About 1.5 ml of the oxamic acid
affinity column eluate was applied to the column and was run at flow rate of 8
ml/h. Two-milliliter fractions were collected and screened for sialidase activity by
the filter paper spot test. The sialidase active fractions were pooled and passed
through a G-25 (Amersham-Pharmacia) desalting column (3 by 25 cm) preequili-
brated with Triton buffer (20 mM Tris HCl, 1% Triton X-100, 5 mM EDTA [pH
8.5]). The eluted sialidase active volume was passed through a DEAE Sepharose
anion-exchange column (0.5 by 1.5 cm) preequilibrated with Triton buffer. The
sialidase passed unbound.

Sialidase assays. Sonicated bacterial cell suspensions were used for comparing
sialidase activities of various P. multocida isolates and strains. Bacterial cells were
grown in 20 ml of broth culture. The E. coli cells were sedimented by centrifuging
at 3,000 3 g for 10 min. The P. multocida cells were treated with hyaluronidase
(4 U/ml) for an hour at 37°C in a shaking incubator and then harvested by
centrifugation (4,000 3 g for 15 min at 4°C). The cells were suspended in 10 ml
of 50 mM Tris HCl buffer (pH 7.5), harvested a second time, and then resus-
pended in 1 ml of lysis buffer (10 mM Tris HCl, 1 mM EDTA, 0.1 M NaCl [pH
8.0]). PMSF (1 mg/ml), pepstatin A (100 mg/ml), and lysozyme (200 mg/ml) were
added, and the mixtures were incubated on ice for 30 min. The cells were lysed
by sonication using a Branson 450 sonifier (Branson Ultrasonics, Danbury,
Conn.) set at output level 2, cycle 20%, for 5 min. The lysate suspensions were
used as crude sialidase preparations for the enzyme assays.

Various strains and clones were screened for sialidase activity by using 4MU-
Neu5Ac in a filter paper spot test as described by Moncla and Braham (28).
Quantitative assays were done fluorometrically and spectrophotometrically on
positive strains or clones. The fluorometric assay was done by the method of
Potier et al. using the 4MU-Neu5Ac substrate (29, 32). The reaction mixture
contained 0.1 mM 4MU-Neu5Ac and the enzyme preparation in reaction buffer
(0.05 M sodium phosphate [pH 6.8] with 0.1 mM NaCl and 0.05% bovine serum
albumin) in a total volume of 0.2 ml. The relative amount of the enzyme was such
that less than 20% of the substrate was hydrolyzed at the end of the reaction in
order to produce a linear response. The reaction mixtures were incubated at
37°C for 3 min, and then the reaction was stopped by adding 1.8 ml of 0.5 M
Na2CO3. Relative fluorescence was measured with a TKO 100 minifluorometer
(Hoefer, San Francisco, Calif.) at a fixed excitation wavelength of 365 nm and
emission at 458 nm, according to the manufacturer’s protocol. One unit of the
enzyme activity was defined as the amount of activity that released 1 mmol of
4-methylumbelliferone per min under the above-described reaction conditions.

The specificities of the sialidase preparations were determined spectrophoto-
metrically by using 2-39 or 2-69 sialyl lactose as the substrate. The reaction mix-
tures contained 1.0 mM substrate with 2.25 3 1023 U of sialidase preparation in
reaction buffer (0.05 M NaPO4, 0.1 mM NaCl, 0.05% bovine serum albumin [pH
6.8]), in a total volume of 0.1 ml. Reaction mixtures were incubated at 37°C for 10
min, and reactions were stopped by the addition of 50 ml of 0.125 N H2SO4. Sialic
acid liberated during the incubation was measured using the method of Aminoff (1).

Effect of pH on sialidase activity. Crude enzyme preparations from P. multo-
cida isolates and the sialidase-producing clones, as well as purified NanH, were
tested at various pHs. For various pH ranges the following buffer systems were
used at a concentration of 100 mM: citrate-phosphate buffer (pH 3 to 7.1), Tris
HCl buffer (pH 7.6 to 9), and glycine-NaOH buffer (pH 9.5 to 10.5). The
activities of the sialidases were assayed fluorometrically using 4MU-Neu5Ac as
the substrate as described above.

Utilization of sialylconjugants. Sialic acid utilization studies for P. multocida
were performed with minimal media (23) in a microtiter plate containing 0.1%
mucin, fetuin, and 2-39 or 2-69 sialyl lactose. Changes in optical density at 630 nm
were detected using a microplate reader (Bio-Tek Instrument, Inc., Winooski,
Vt.). The ability of E. coli DH5a containing either the sialidase-producing clones
or the vector plasmids to utilize sialylconjugants was studied in minimal media,
using various N-acetylneuraminic acid-bound substrates as the sole source of
carbon. M-9 salt solution (39) containing 4 mg of thiamine per ml was used as the
base medium, to which sialylconjugants were added so that the bound N-acetyl-
neuraminic acid concentration was 0.1%. The sialylconjugants used included 2-39
or 2-69 sialyl lactose, colominic acid, a-acid glycoprotein (orosomucoid), and
fetuin. Glucose was used as the positive control at a concentration of 0.1%.
Approximately 105 bacterial cells, grown to mid-log phase in M-9–glucose me-
dium, were inoculated into 100 ml of the minimal media in a 96-well plate. Plates
were incubated at 37°C in a shaker incubator. Changes in optical density at 630
nm were measured using a microplate reader.

Nucleotide sequence accession numbers. The DNA sequences of nanH and
nanB were deposited in GenBank under the accession numbers AF274869 and
AF274868, respectively.

RESULTS

Cloning and sequence analysis of the sialidase gene, nanH,
from P. multocida. A sialidase-producing plaque was identified
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from the lambda library. The construct contained a 3.2-kb
insert which was subcloned into pMMB67HE, using the KpnI
and SacI sites in the multicloning site of both vectors (15). This
construct, pNeu101, was used to transform E. coli DH5a to

sialidase production. The insert was sequenced and contained
a 2,180-bp open reading frame, nanH, estimated to produce
an 80-kDa protein. The predicted N-terminal amino acid se-
quence of NanH contained a 400-amino-acid (aa) region that

FIG. 1. Amino acid sequence alignment of P. multocida NanH and related bacterial sialidases. (A) Putative domains of NanH. Protein secondary structure was
predicted using the algorithm of Garnier et al. (16). The N-terminal 400 aa of NanH are primarily b sheet, which is consistent with the structure of sialidases. (B)
Conservation of specific residues (boldface) between P. multocida (P. mult) NanH and sialidases from Clostridium sordelli (C. sord), C. perfringens (C. perf) (small
sialidase), and Salmonella serotype Typhimurium (S. typh). Residues believed to be located in the enzyme active site are marked with asterisks; aspartate boxes are
underlined (9, 10). The alignment was generated using the AlignX program of VectorNTI (Informax). The linker and C-terminal domains do not exhibit significant
homology to other known proteins.
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shared approximately 50% similarity to the S. enterica serotype
Typhimurium and the small clostridial sialidases (Fig. 1). Se-
quence analysis indicated the presence of a hydrophobic N-
terminal signal sequence, suggesting that the protein is trans-
ported through the inner membrane (data not shown). Four
aspartate boxes (S-X-D-X-G-X-TW) were identified, as well as
a FRIP motif that was consistent with the expected motifs
for bacterial sialidases. However, the nonsialidase domain(s)
shared little similarity with known proteins.

Purification of NanH sialidase. Solubilization and purifica-
tion of the sialidase required detergent throughout all steps,
suggesting that the protein was membrane associated. The
purification procedure using E. coli harboring nanH yielded
6% recovery with 950-fold purification. The degree of purifi-
cation at different steps of the procedure is shown in Table 1
and Fig. 2. Freshly purified NanH migrated as a single band at
80 6 0.5 kDa, in agreement with the DNA sequence predic-
tion. Samples stored in the refrigerator for 3 or more days
showed a breakdown product at 35.5 6 0.5 kDa. In addition,
the sialidase failed to enter the separating gel in nondenaturing
polyacrylamide electrophoresis, but samples prepared in dena-
turing buffer containing 0.2% SDS (without boiling) showed
that the sialidase entered the gel. However, the activity was

associated with a relatively high molecular mass, approximately
200 kDa. These findings suggest a high isoelectric point and/or
a strong tendency of the enzyme to form multimers.

Substrate specificity of NanH. Specific hydrolysis kinetics of
purified NanH was measured using 4MU-Neu5Ac as the sub-
strate. The Km was determined to be 63.11 6 1.05 mM, the
Vmax was 4.17 6 0.04 mmol/liter/min, and the specific activity
was 1.9 6 0.02 mmol/mg/min. NanH demonstrated a significant
kinetic preference for a2-39 sialyl linkages over a2-69 linkages
when tested for activity on naturally occurring oligosaccharide
substrates (Table 2). Almost no sialic acid was released from
colominic acid, which is composed of 2-89-linked sialyl lactose.
The release of sialic acid from complex conjugants that contain
few 2-39 sialyl linkages, such as ganglioside GM1, was signifi-
cantly lower than those containing a higher percentage of 2-39
linkages, such as acid glycoprotein or fetuin. NanH demon-
strated hydrolytic activity on mucin, serum proteins (glycopro-
tein, fetuin, and apotransferrin), and gangliosides (GD1a and
GT1b).

NanH mutant characteristics. The NanH-deficient P. mul-
tocida mutant was constructed by insertional inactivation of the
nanH gene in isolate P1059. The nanH mutation was confirmed
by Southern blotting (data not shown), which showed a gel
shift corresponding to the size of pMZ1 inserted into the
nanH-containing genomic fragment. A sialidase assay using the

FIG. 2. NanH purification demonstrated by SDS-polyacrylamide gel electro-
phoresis separation of proteins at various stages of the purification procedure.
Samples were separated on an 8% gel and stained with Coomassie brilliant blue
R-250. Approximately equal amounts of sialidase activity (units) were loaded
into each lane. Lane 1, n-octyl glucoside (2%) extraction from whole cells; lane
2, ammonium sulfate precipitation (40 to 60%) of the detergent extraction; lane
3, CM-Sepharose sialidase-positive fraction, eluted with a NaCl gradient; lane 4,
sialidase-positive fraction after separation on Sephacryl 200-HR; lane 5, DEAE
Sepharose sialidase-positive fraction; lane 6, molecular weight markers (molec-
ular weights are on the right, in thousands).

TABLE 1. NanH purification from recombinant E. coli

Purification step
Total

activity
(U)a

Sp actb
Purifi-
cation
factorc

%
Recoveryd

Whole-cell lysate 1,734 0.002 1 100
Detergent extract 1,436 0.005 2.5 83
Ammonium sulfate precipitate 816 0.012 6.0 47
CM Sepharose 363 0.248 124 21
p-Aminophenyl oxamate 267 0.637 319 15
Sephacryl 200HR 141 1.614 807 8
DEAE Sepharose 101 1.900 950 6

a One unit of activity is defined as the amount of sialidase that releases 1 mmol
of sialic acid per min.

b Units of sialidase activity per microgram of protein.
c Calculated by dividing the specific activity of each preparation by the specific

activity of the whole-cell lysate.
d Determined by the following formula: (total units of activity of each prepa-

ration)/(total units of the whole cell lysate) 3 100.

TABLE 2. Substrate specificity of purified recombinant
NanH for sialyl conjugants

Substrate Rate of hydrolysisa Relative rateb

Sialyl a2-39 lactose 517 6 29 100
Sialyl a2-69 lactose 12 6 1 2
Bovine submaxillary mucin 122 6 6 23
a-Acid glycoprotein 360 6 25 70
Apo-transferrin 115 6 11 22
Fetuin 343 6 33 66
Colominic acid 5 6 1.6 1
Ganglioside GM1 1 6 1 0.2
Ganglioside GD1a 141 6 1 27
Ganglioside GT1b 70 6 9 13

a Micromoles of sialic acid released per milligram of purified sialidase per
minute at 37°C.

b Normalized with respect to the value for a2-39 sialyl lactose.

TABLE 3. Specific enzymatic hydrolysis of 2-39 and 2-69 sialyl
lactose by sialidase preparations from P. multocida

isolates and clones

Sialidase sourcea

Sialic acid release from
sialyl lactoseb Ratio of

2-39 to 2-69
activity2-39 linked 2-69 linked

NanH (pNEU101) 2.5 0.1 25.0
NanB (pAH502) 1.8 6.4 0.3
P. multocida 86-1913 1.3 0.2 6.5
P. multocida X-73 1.5 2.4 0.6
P. multocida P1059 1.4 0.8 1.8
P. multocida P1059 NanH mutant 0.9 1.2 0.8

a Sonicated bacterial cell lysates were used as crude sialidase preparations for
the enzyme assays. Sialidase-encoding constructs pNeu101 and pAH502 were
expressed in E. coli DH5a. E. coli cells harboring only vector did not produce any
detectable sialidase activity.

b Results are expressed as micromoles of sialic acid (Neu5Ac) released per
unit of enzyme per minute. A total of 2 3 1023 U of sialidase was incubated with
1 mM substrate for 10 min. One unit of sialidase activity was defined as the
amount that releases 1 mmol of 4-methylumbelliferone from 4MU-Neu5Ac per
min.
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FIG. 3. Amino acid sequence alignment of P. multocida NanB and related bacterial sialidases. (A) Putative domains of NanB. Protein secondary structure was predicted
using the algorithm of Garnier et al. (16). (B) Conservation of specific residues (boldface) between P. multocida NanB (P. mult) and four other sialidases: S. pneumoniae (S.
pneu) NanA, C. perfringens (C. perf) large sialidase NanI, Clostridium septicum (C. sept) sialidase, and C. tertium (C. tert) sialidase. Residues believed to be located in the
enzyme active site are marked with asterisks; aspartate boxes are underlined (9, 10). The alignment was generated using the AlignX program of VectorNTI (Informax).
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filter paper spot test demonstrated that the mutant produced
activity. However, a quantitative assay showed that the mutant
produced only 4% of wild-type activity, suggesting that NanH
was defective but the strain harbored another sialidase gene. In
addition, whole-cell lysate of wild-type cultures demonstrated a
1.8-fold preference for the 2-39 linkage, while whole-cell lysate
of the mutant showed a 2.1-fold kinetic preference for 2-69
sialyl lactose, again suggesting that the strain was NanH defi-
cient but expressed an additional sialidase (Table 3). Purified
NanH and whole-cell lysate of E. coli harboring nanH charac-

teristically exhibited a 25-fold kinetic preference for 2-39 sialyl
lactose over 2-69 sialyl lactose.

The contribution of NanH to nutrient acquisition was inves-
tigated by growth studies using the sialoconjugants fetuin, mu-
cin, and sialyl lactose. The NanH-deficient mutant exhibited
reduced growth compared to the wild type when 2-39 sialyl lac-
tose was provided as the sole carbon source (data not shown).
The mutant was indistinguishable from the wild type in growth
on mucin, fetuin, or 2-69 sialyl lactose, showing an increase in
turbidity over 24 h. The ability of the mutant to grow on the

FIG. 4. Amino acid sequence alignment of the C-terminal domain of P. multocida NanB (P. mul) and related autotransporter domains from H. influenzae (H. inf),
Helicobacter pylori (H. pyl), and E. coli (E. col). Specific conserved residues identified by Loveless and Saier (27) among the putative autotransporter proteins are shown
in boldface. Regions predicted by Loveless and Saier to contain transmembrane b-strands are marked with numbered lines. The alignment was generated using the
AlignX program of VectorNTI (Informax).
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2-69 sialyl lactose also suggested the presence of an additional
sialidase as well as the ability of P. multocida to utilize sialyl
conjugants as carbon sources.

Cloning and sequence analysis of the sialidase gene, nanB,
from P. multocida. Since the NanH-deficient mutant was not
deficient in sialidase activity, we sought to identify a second
sialidase gene. A sialidase-producing clone, pAH502, was iso-
lated from the cosmid library. A 7.2-kb HindIII/EcoRI frag-
ment of the cosmid insert was subcloned into pUC18 (pMZ506)
and sequenced. The derived amino acid sequence of a 3,210-bp
open reading frame contained an N-terminal signal sequence
and exhibited homology to sialidase proteins (Fig. 3). Since the
DNA sequence showed no significant homology with the nanH
gene, this sialidase gene was designated nanB; NanB is pre-
dicted to be 120 kDa. The sialidase domain resided within the
N-terminal 510 aa, where the predicted amino acid sequence
exhibited approximately 50% homology to S. pneumoniae
NanA and the large clostridial sialidase proteins but only 20%
homology to P. multocida NanH. NanB contained the expected
sialidase motifs, i.e., a FRIP motif and four aspartate boxes.
This group of sialidases, however, appeared not to contain the
conserved tryptophan residues expected to occupy the hydro-
phobic pocket of the active enzyme (9, 10). In the small siali-
dases, including P. multocida NanH, these residues were found
within a 60- to 70-aa region between the first two aspartate
boxes (Fig. 1). This region was variable in the NanB-related
group and contained approximately 120 aa residues; a con-
served tryptophan residue occurred after the second aspartate
box, suggesting that the active site may be different in this
group (Fig. 3).

The C-terminal portion of NanB demonstrates homology to
the family of autotransporter proteins, such as the tempera-
ture-sensitive hemagglutinin of avian E. coli (12), Haemophilus
influenzae adhesion-penetration protein (44) and immunoglob-
ulin A (IgA) protease (33), and Helicobacter pylori vacuolating
cytotoxin (2) (Fig. 4). This group of proteins is believed to
transport themselves across the outer membrane after sponta-
neous insertion of the C terminus in the membrane to form a
b-barrel configuration (20, 27). The autotransporter domains
consisted of an even number of amphipathic b-sheets that were
proposed to form 14 transmembrane spanning regions making
up the predicted autotransporter pore.

Detection of the nanH and nanB genes in P. multocida. In
order to confirm the existence of multiple sialidase genes
within isolates, DNA-DNA hybridization was performed. The
nanH probe was produced by excising the 3.2-kb SacI/KpnI
insert from pNeu101, and the nanB probe was produced by
excising a 2-kb HindIII/EcoRI fragment, containing a portion
of nanB, from pMZ506. The nanH and nanB fragments were
used to probe genomic DNA isolated from P. multocida iso-
lates X-73 (serotype 1) and 86-1913 (serotype 3,4). The nanH
probe hybridized with genomic DNA isolated from 86-1913 but
not with the nanB-encoding cosmid or chromosomal DNA
from isolate X-73 (data not shown). The nanB probe hybrid-
ized with genomic DNA from both isolates as well as with the
nanB-encoding cosmid but not with the nanH clone, confirm-
ing the presence of two genetically distinct enzymes in isolate
86-1913.

pH activity range of the sialidases. Figure 5 shows the ac-
tivity of the sialidases at different pHs. The pH optimum of the
two cloned sialidases varied between 6.2 and 6.8, depending on
the buffer system (Fig. 5A). In the citrate-phosphate buffer the
optimum was in a lower range than that in the phosphate or
acetate buffer. Although no significant variation in the pH
optima of the two cloned enzymes was observed, NanH had

significant activity at pH 4 to 5. Both enzymes produced activity
up to pH 9.

The pH activity curves of the enzyme preparation from the
P. multocida isolates showed similar results (Fig. 5B). How-
ever, the activity curve of isolate 86-1913 was broader than that
of X-73, suggesting that the combined action of the two en-
zymes covers a broader pH range than either one alone.

Substrate specificity of the sialidases. Bacterial cell lysates
were assayed for enzymatic specificity using 2-39 and 2-69 sialyl
lactose as the substrates (Table 3). There were distinct differ-
ences between the substrate-specific activity between NanH
and NanB. NanH released sialic acid from 2-39 sialyl lactose
much more rapidly than from the 2-69 substrate (ratio 5 25). In
contrast, NanB released sialic acid from 2-39 sialyl lactose at a
slightly lower rate than from 2-69-linked substrate (ratio 5 0.3).
These differences were reflected in the specificities of the prep-
arations from wild-type P. multocida. Isolate 86-1913, which
contains both nan genes, exhibited higher activity on 2-39 sialyl
lactose (ratio 5 6), while X-73, which lacks a conserved copy of
nanH, exhibited similar activity on both substrates (ratio 5
0.6). Isolate P1059, which also contained both genes, appeared
to be intermediate between the two (ratio 5 1.8). Abolishing
NanH activity by a mutation in P1059 shifted the ratio toward
2-69 activity (ratio 5 0.8).

FIG. 5. Effect of pH on sialidase activity, determined by using the fluorescent
substrate 4MU-Neu5Ac. (A) Crude recombinant sialidase preparations from E.
coli DH5a (h, pNEU101 [nanH]; ‚, pAH502 [nanB]) and purified recombinant
NanH (E). (B) Activity of two wild-type P. multocida isolates, 86-1913 ({) and
X-73 (ƒ). The rates of release of 4-methylumbelliferone (4-MU) from the sub-
strate were measured fluorometrically. The buffers used were citrate-phosphate
(pH 3.1 to 7.1), Tris-HCl (pH 7.6 to 8.9), and glycine-NaOH (pH 9.5 to 10.5).
Equal amounts of activity were used for each assay. Each reaction was done in
triplicate, results are plotted as means 6 standard deviations.
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Contribution of sialidases to utilization of sialyl conjugants.
Representative growth curves of the sialidase-producing clones
in E. coli DH5a are shown in Fig. 6. All the strains were
capable of growing in glucose, but none of them utilized colo-
minic acid, a 2-89dimer of sialic acid. No vector-containing
controls grew in any of the media containing bound sialic acid
as the sole source of carbon. In contrast, E. coli harboring
either of the sialidase-producing clones grew in the minimal
media containing 2-39 sialyl lactose as the sole source of car-
bon. The clone containing nanB grew more readily in 2-69 sialyl
lactose and in fetuin than the clone containing nanH. The
sialidase-producing clones exhibited biphasic growth on sialyl
lactose, which may have resulted from slight contamination of
the substrates with another carbon source or from the need
for E. coli cells to induce the chromosomal enzyme activities
needed to metabolize sialic acid (31, 47). Both the sialic acid
permease (NanT) and aldolase (NanA) have been shown to be
quickly induced by sialic acid (31). However, the aldolase de-
grades sialic acid to pyruvate and N-acetylmannosamine, which
is poorly utilized by E. coli (31). The sialidases would liberate
lactose as well as sialic acid from cleavage of sialyl lactose;
however, the DH5a E. coli strain used in the growth studies
lacks an intact copy of the lactose operon. Biphasic growth was
not seen when fetuin was used as the carbon source, suggesting

that the sialyl lactose preparations may have contained carbon
source contamination.

DISCUSSION

NanB appears to be a novel member of the autotransporter
family of proteins, a newly identified system of protein secre-
tion (20, 27). It is the first sialidase shown to possess the
putative channel-forming C-terminal domain believed to be
involved in the translocation of the protein from the bacterial
outer membrane. While NanH did not demonstrate significant
amino acid sequence homology to this group of proteins, it did
exhibit similar predicted sequence characteristics. The majority
of autotransporter proteins exhibit 14 predicted antiparallel
amphipathic b strands, which are proposed to make up the
channel-forming domain (20). The C-terminal domain of
NanH is predicted to be heavily composed of b sheets that
have an amphipathic character. In addition to the b-sheet
structure, the putative final membrane-spanning segments of
autotransporter proteins share a consensus amino acid motif
[(Y/V/I/F/W)-X-(F/W)] where the terminal residue is always
phenylalanine or tryptophan preceded by alternating charged
(or polar) and aromatic (or hydrophobic) residues (20). This

FIG. 6. Growth curves of E. coli DH5a cells containing P. multocida sialidase genes. Growth in minimal media containing either 0.1% glucose or colominic acid
(2-89 N-acetylneuraminic acid) as the sole carbon source (A) or in 2-39 sialyl lactose (B), 2-69 sialyl lactose (C), or fetuin (D). Each substrate provides 0.1% bound sialic
acid. ‚, pMMB67HE in DH5a (vector control); F, pNEU101 (nanH) in DH5a; h, pJRD215 in DH5a (vector control); }, pAH502 (nanB) in DH5a. Each assay was
done in triplicate wells; results are plotted as means 6 standard deviations.
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motif occurs several times in the C-terminal 20 aa of NanH,
with the sequence N-P-F occurring most terminally.

We found both NanH and NanB to be outer membrane-
associated proteins. Both amino acid sequences contained pu-
tative signal peptide domains for inner membrane transloca-
tion, but with the exception of the autotransporter domains we
did not detect any other motifs that mediate outer membrane
translocation. Some autotransporter proteins contain protease
activity, which may augment their secretion from the cell mem-
brane (20, 27). We did not detect protease motifs or soluble
sialidase activity in the supernatants of cultures; however,
White et al. (50) and Straus et al. (45) reported detection of
secreted sialidases from P. multocida and Pasteurella haemo-
lytica.

Both NanH and NanB demonstrated significant homology
with other bacterial sialidases. NanH demonstrated greatest
similarity to the small sialidases, revealing the possibility of
additional conserved residues in this group. NanB demon-
strated homology to the large clostridial sialidases and NanA
of S. pneumoniae. While this group contains some of the con-
served residues which were identified in the Salmonella sero-
type Typhimurium sialidase to be involved in substrate binding
and hydrolysis (10). Significant differences were observed, es-
pecially in the residues believed to occur in the area of the
hydrophobic pocket. These differences may contribute to the
ability of the enzymes to hydrolyze naturally occurring sialic
acid-containing substrates.

Sialic acid is covalently bound to the side chains of mucin by
a 2-69 glycosidic bond; however, the amount and types of sialic
acids present in mucin vary by species of animal and system of
isolation. For example, 22% of the dry weight of bovine sub-
maxillary mucin is sialic acid, but the vast majority of the sialic
acid is N-acetylneuraminic acid, with minor amounts of N-
glycolylneuraminic acid (30). Swine submaxillary mucin con-
tains only 1% sialic acid, which is almost exclusively N-glyco-
lylneuraminic acid (30). Bacterial sialidases liberate both forms
of sialic acid (7). The serum proteins fetuin and acid glycopro-
tein contain a mix of 2-39 and 2-69 sialic acid linkages (6, 30).
The P. multocida sialidases differed in their specificity for these
linkages, but expression of both enzymes should enhance the
bacterium’s ability to liberate sialic acid from a variety of
sources. In addition, both enzymes have high activity across
a broad pH range, suggesting that both the enzymes are suit-
able for action in many host environments, including mucosal
secretions and serum. Possession of both sialidase enzymes
should greatly enhance the metabolic capability of an organism
attempting to colonize different species of animals or grow in
different tissues. P. multocida is particularly good at both.

The growth of the sialidase clones in minimal media con-
taining various forms of bound sialic acid corresponded very
well with what could be predicted from the specificity assay.
Both the nanH- and nanB-harboring E. coli strains grew well
in the medium containing 2-39 sialyl lactose. In contrast, the
nanH-containing strain was attenuated in growth in 2-69 sialyl
lactose, corroborating the finding that NanH has poor activity
on 2-69 linkages. The nanH-harboring strain was also less able
than expected to utilize fetuin, which contains 40% 2-39- and
60% 2-69-linked sialic acid (43), suggesting that NanB can
liberate some forms of bound sialic acid which are not cleav-
able by NanH. Since fetuin contains both N- and O-linked
oligosaccharides (43, 51), it is possible that NanB is able to
cleave both those linkages. However, possession of both siali-
dases gives the organism remarkable versatility in its access to
sialic acid as a carbon source.

The demonstration of two distinct sialidases in P. multocida
also clarifies the controversy on the nature of sialidases from

P. multocida. Molecular masses reported by various authors
ranged from 36 kDa (22) to 250 kDa (13) to 500 kDa (45). We
think these differences in assessments were due to the presence
of more than one sialidase and possibly also to incomplete
solubilization of the membrane-bound protein. Studies are un-
der way to determine the prevalence of these sialidase genes
among the virulent P. multocida isolates and to further char-
acterize the genes and their products.
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