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ABSTRACT. Hyaluronic acid (HA), a linear polysaccharide composed of alternating glucuronic acid and
N-acetylglucosamine residues, is an essential molecule of higher vertebrates. The fowl cholera pathogen
Pasteurella multocid&Carter Type A also produces HA in the form of an extracellular capsule in order

to evade host defenses. HA synthase activity could be obtained from cell-free membrane preparations of
P. multocida The enzyme utilized UDP-sugar precursors of HA in the presence éf MigMn2™ at

neutral pH. MA* at 1 mM stimulated~2-fold more incorporation than Mg at 10 mM. On the other

hand, the analogous enzyme from groufstheptococcusHasA, is stimulated more by Mg than Mr#+.

The apparent Michaelis constantsy Kof the P. multocidaHA synthase for UDMN-acetylglucosamine

and UDP-glucuronic acid were estimated to-be5 and~20 uM, respectively, in the presence of kg

which suggests that the substrates are bound witB-fdld higher affinity than by the HasA enzyme.

The rate enhancement observed with?Mis apparently not due to better binding of the sugar nucleotide
precursors complexed to Mn ion because Kag value, a measure of substrate affinity, increases by
25-50% in comparison to MAJ. In summary, the HA synthase from multocida a Gram-negative
bacterium, has kinetic optima distinct from those of HasA, the analog from the Gram-positive group A
Streptococcus

The polysaccharide hyaluronic acid (HA)r hyaluronan observations also seem to hold true for cell-free extracts
is an essential component of higher animals that serves bothcontaining vertebrate HAS activity (Appalt al, 1979).
structural and recognition roles [reviewed in Laurent and Recently, the group A streptococcal HAS has been identified
Fraser (1992)]. In mammals and birds, HA is present in and the gene molecularly cloned (DeAngetisal., 1993a,b).
large quantities in the skin, the joint synovial fluid, and the A single membrane protein, HasA, migrating at 42 kDa by
vitreous humor of eye. Certain pathogenic bacteria, namely, SDS—polyacrylamide gel electrophoresis, appears to transfer
Gram-positive group A and Gtreptococcusand Gram- both GIcA and GIcNAc from uridine diphosphate donors to
negative Pasteurella multocidaCarter Type A, produce the growing polymer chain (DeAngeligt al, 1993b;
extracellular capsules containing HA with the same chemical DeAngelis & Weigel, 1994).
structure as the HA molecule found in their vertebrate hosts The capsule ofP. multocida was long suspected of
(Kass & Seastone, 1944; Carter & Annau, 1953). This clever containing HA (Carter & Annau, 1953), and the identity of
strategy of “molecular mimicry” foils attempts to mount a the polysaccharide has been rigorously confirmed (Rosner
strong antibody response to the capsular polysaccharideet al, 1992). No report, however, has described the
(Quinn & Singh, 1957). In contrast, capsular polysaccharides preparation of biosynthetically active cell-free extracts or
with different structures produced by other bacteria are often otherwise characterized the HAS activity frétnmultocida
quite antigenic. The HA capsule also apparently helps the Here | demonstrate that tiie multocidaHA synthase present
pathogens evade host defenses including phagocytosis (Harin membrane preparations has some interesting enzymologi-
monet al,, 1991; Wesselst al,, 1991). cal differences from the streptococcal HasA protein.

Streptococcal bacteria have been used as the model
organism for the study of HA biosynthesis for over 35 years. EXPERIMENTAL PROCEDURES

This system vyielded seminal information about the HAS . . ) )
enzyme including its subcellular localization in the mem- _ Materials and Bacteria Protein was determined by the

brane, utilization of UDP-sugar precursors, and the require- COomassie dye-binding assay utilizing a bovine serum
ment for M@" (Markovitz et al, 1959): these important albumin standard (Bradford, 1976P. multocida P-1059
(American Type Culture Collection 15742), a highly virulent

T This work was supported by National Research Initiative Grant thkeY strain 'SOlated by Kj L. _Heddleston _that forms Ve_ry
for Sustaining Animal Health and Well-Being from the U.S. Department mucoid colonies, was maintained on brain/heart infusion
of Agriculture (94-37204-0929). medium under aerobic conditions at 3. An acapsular

® Abstract published iAdvance ACS Abstractduly 1, 1996. _ ; Wi A :
1 Abbreviations: HA, hyaluronic acid or hyaluronan; HAS, hyalu- mutant of P-1059 which formed smaller, “drier” colonies,

ronic acid synthase; UDP, uridine diphosphate; GIcA, glucuronic acid; N@med TnA, was generated by a newly describe@Ibn
GlcNAc, N-acetylglucosamine; SDS, sodium dodecyl sulfate; Tris, tris-  insertional mutagenesis method frmultocida(DeAngelis,

[hydroxymethyllaminomethane; DTT, dithiothreitol; EDTA, ethylene- 1996).

diaminetetraacetic acid; PBS, phosphate-buffered sadiaeMichaelis .

constant, PCR, polymerase chain reaction; Tn, transpaes@mzyme Membrane Preparation Total membranes frorR. mul-

velocity; Vimax, maximal enzyme velocity; [S], substrate concentration. tocida were prepared by a modification of the method for
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producing HA synthase fror&scherichia coliwith recom- by centrifugation (15009 for 7 min) before application to
binant plasmids containingasA(DeAngeliset al., 1994). the column.
Cells were grown with vigorous shaking to mid-log phase = EDTA (0.2 mM) was used to chelate any metal ions
(0.4-0.8 Aso) and then ovine testicular hyaluronidase (Sigma present in assay mixtures to verify metal dependence of the
Type V, 20 units/mL final) was added to remove the capsule. HAS activity. Various divalent metals, including Mg, Mn,
After 40 min, the cells were chilled on ice and harvested by Cu, Co, and Ni, were tested as their chloride salts. Khxe
centrifugation (2009 for 15 min). The cells were washed values of the substrates were estimated by titration of one
twice with PBS by repeated suspension and centrifugation, sugar nucleotide concentration while holding the other
and the cell pellet could be stored aB0 °C. All of the radiolabeled precursor at a constant and saturating concentra-
following steps were performed on ice unless noted other- tion. For these studies, UDPH]GIcNAc (30 Ci/mmol,
wise. The cells were resuspended by pipettind/ig the NEN) was employed as well as the UDPE]GIcA precur-
original culture volume of 20% sucrose and 30 mM Tris, SoOr.
pH 8.0, containing the protease inhibitors pepstatin and

. . X ! RESULTS
leupeptin. Cell lysis was carried out by using lysozyme
digestion (addition of/;o the suspended volume of 4 mg/ Membrane Preparation P. multocida cells produce a
mL enzyme in 0.1 M EDTA, 40-min incubation) followed readily visible extracellular HA capsule, and since the
by ultrasonic disruption (power setting 3, three cycles of 30 streptococcal HasA is a putative transmembrane protein,
s on/off; Heat Systems W-380 with microprobe). Before membrane preparations of the fowl cholera pathogen were
the ultrasonication step, sodium thioglycolate was added totested. In early trials, crude membrane fractions derived from
the mixture (0.1 mM final concentration) following the ultrasonication alone possessed very low levels of UDP-
addition of phenylmethanesulfonyl fluoride. In all the GlcNAc-dependent UDPYC]GICA incorporation into HA
remaining manipulations, the PBS also contained freshly [~0.2 pmol of GIcA transferig of proteins)* h™'] when
added thioglycolate at the same concentration. The lysateassayed under conditions similar to those for measuring
was treated with DNase and RNaseud/mL each, 10 min  streptococcal HAS activity. The enzyme frdincoli with
at 4°C) and the cellular debris was removed by low-speed the recombinanthasA plasmid was also recalcitrant to
centrifugation (1000§for 5 min). The supernatant fraction isolation at first (unpublished observations; DeAngelis &
was diluted 6-fold with PBS and the membrane fraction was Weigel, 1994). These results were in contrast to the easily
harvested by ultracentrifugation (100@D€r 1 h). The detectable amounts obtained fr@treptococcudy similar
pellet was washed twice by repeated suspension in PBSMethods. . o
containing 10 mM MgGl followed by ultracentrifugation. An alternative preparation protocol using ice-cold lysozyme
For generating membrane preparations used in metal specifreatmentin t_he presence of protease |nh_|b|tors in conjunction
ficity studies, MgC} was omitted and replaced with 0.2 mM W|th l_JItrasonlcatlon aIIo_wed the substantla_l recovery of HAS
EDTA during the wash steps. Membrane preparations wereactivity from both species of Gram-negative bacteria. Spe-
suspended in 50 mM Tris, pH 7, and 0.1 mM thioglycolate, cific activities of 5-10 pmol of GIcA transfer (g of

at a concentration of-43 mg/mL protein and stored at80 protein)* h~* were routinely obtained for crude membranes
°C. of wild-type P. multocida with the new method. In the

absence of UDP-GIcNACc, virtually no radioactivity< 1%

. . . ) of identical assay with both sugar precursors) from UDP-
detected by incorporation of the radiolabel derived from the [““C]GIcA was incorporated into higher molecular weight

sugar _nucle_otlde precursor UDP@]GICA (0.27 C|/mmo!, material. Membranes prepared from the acapsular mutant,
ICN), into higher mqlecu!ar we|ght products. The various TnA, possessed no detectable HAS activity when supple-
assay buffers, described mthe_ figure legends, al_so_ ?onta'neqﬂented with both sugar nucleotide precursors (data not
0.3 mM DTT. Assays (10@L final volume) were initiated shown). Gel-filtration analysis using a Sephacryl S-200

.by %d?.'t'on t(;;(r:nexftt)rariehs t:]o the t(eact|on “:'Xtufe taréd column indicates that the molecular mass of the majority of
ineubation & - Aner L, the reactions were lerminated  yhe 14¢_japeled product synthesizéuuitro is >8 x 10¢ Da

by qddition of SDS (2% final) and mixing. For the Kinetic g, 0o the material elutes in the void volume (data not shown);
studies, the product and precursors were separated by,

. ) “Jsuch a value corresponds to a HA molecule composed of at
descending paper chromatography (Whatman 3M with 65: 0,5t 400 monomers. This product is sensitivéSteepto-
35 ethanol/l M ammonium acetate, pH 5.5). The HA

) - myces hyaluronidase digestion but resistant to Pronase
polysaccharide at the origin of the paper chromatogram was.o5tment (data not shown).

eluted with water before liquid scintillation cqgnting. The Analysis of Enzyme RequirementEhe parameters of the
assays were typically performed under conditions in which | ag assay were varied to maximize incorporation of UDP-
no more than 5% of the precursors were consumed by g gars into polysaccharide Hy. multocida membranes.
limiting amounts of enzyme. Streptococcal HasA requires Klgand therefore this metal
Controls to verify incorporation into authentic HA included ion was included in the initial assays &. multocida
omission of the required second sugar nucleotide precursormembranes. Th®. multocidaHAS was relatively active
or digestion using the specific hyaluronidase fr&tnepto- from pH 6.5 to 8.6 in Tris-type buffers with an optimum at
myces hyalurolyticus Gel-filtration chromatography with  pH 7 (Figure 1). The HAS activity was linear with respect
Sephacryl S-200 (Pharmacia) in PBS was used to assess thin the incubation time at neutral pH for at least 1 h (data not
molecular weight of the radiolabeled polymer fornieditro shown). TheP. multocidaenzyme was apparently less active
under optimized assay conditions. These samples wereat higher ionic strengths because the addition of 100 mM
treated as for paper chromatography except that, afterNacCl to the reaction containing 50 mM Tris, pH 7, and 20
termination, they were heated at 95 for 2 min and clarified mM MgCl, reduced sugar incorporation by50%.

HA Synthase AssayHA synthase activity was routinely
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FiIGURE 1: pH dependence dP. multocidaHAS activity. The FiGURE 3: HAS activity dependence on UDP-GICNAc concentra-
incorporation of J4C]GIcA into HA polysaccharide catalyzed by tion. Membranes (2@g of protein) were incubated with increasing
membranes (Sﬁg of protein) was measured in reactions buffered concentrations of UDP-GIcNAc in buffer containing 50 mM Tris,
at various pH values (50 mM Tris/AN¢(morpholino)ethanesulfonic ~ PH 7, 20 mM MgC}, and 800uM UDP-GIcA (1.4 x 10° dpm of
acid, bis-Tris/HCI, or Tris/HCI; no major buffer ion-specific effects  *“C) for 1 h. The background radioactivity (identical assay but no
were noted). The incubation mixture also contained 20 mM MgCl added UPD-GIcNAc) was subtracted from each point. The highest
120 uM UDP-GIcA (4.5 x 10* dpm/assay), and 300M UDP- specific incorporation rate into HA (average’80 dpm/h) in the
GlcNAc. The incorporation of the assay using the optimal buffer, titration was defined a¥max for normalization to 100%.

pH 7 Tris, was set to 100% activity. A broad pH optimum around

neutrality was observed. [
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Me?* mM In experiments parallel to those described in Figure 3, increasing

o . amounts of UDP-GIcA were incubated with 1 mM UDP-GIcNAc
FiGURe 2: Metal dependence of HAS activity. The production of (2.7 x 10° dpm of 3H) under the same general buffer and assay
HA was measured in the presence of increasing concentrations ofcongitions. The background radioactivity (assay with no added
Mg (circles) or Mn (squares) ion. The membranes (4§ of UDP-GIcA) was subtracted from each point. The data is presented

protein), prewashed with EDTA as described under Membrane ,<'in Figure 3. Specific incorporation averaged-730 dom/
Preparation, were incubated in a mixture of the metal ion in 50 9 - P P W 9 P

mM Tris, pH 7, 120uM UDP-GIcA (4.5 x 10* dpm/assay), and
300 M UDP-GIcNAc for 1 h. The background with no metal o _ . o
present (22 dpm) was subtracted from each point. Mn is more Kinetic Analysis Initial characterization of th&. mul-

effective than Mg. tocida HAS was performed in the presence of ¥Mg The
binding affinity of the enzyme for its sugar nucleotide
The metal ion specificity of th&®. multocidaHAS was precursors was assessed by measuring the appasertue.
assessed at pH 7 (Figure 2). Under metal-free conditions inincorporation of C]GIcA or [*H]GIcNAc into polysaccha-
the presence of EDTA, no incorporation of radiolabeled ride was monitored at varied concentrations of UDP-GICNAC
precursor into polysaccharide was detectabi®.6% of or UDP-GIcA, respectively (Figures 3 and 4). In kg
maximal signal). MA" gave the highest incorporation rates containing buffers, the apparei; values of~20 uM for
at the lowest ion concentrations for the tested metals (Mg, UDP-GIcA and~75uM for UDP-GIcNAc were determined
Mn, Co, Cu, and Ni). M§" gave about 50% of the Mn utilizing Hanes-Woolf plots ([S]k versugS]) of the titration
stimulation but at 10-fold higher concentrations. *Cor data (Figure 5). Th&/nax values for both sugars were the
Ni2* at 10 mM supported lower levels of activity (20% or same because the slopes, corresponding W,/ of the
9%, respectively, of 1 mM Mt assays), but membranes Hanes-Woolf plots were equivalent. In comparison to
supplied with 10 mM C&" were inactive (data not shown). results from assays with Mg, the Ky value for UDP-
Indeed, mixing 10 mM C# and 20 mM Mg@" with the GIcNAc was increased by about 250% to~105uM and
membrane preparation resulted in almost no incorporation the Vmax increased by a factor of-23-fold in the presence
of label into polysaccharide<(0.8% of Mg only value). of Mn?* (Table 1).
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UDP-sugars more tightly than streptococcal HasA. The
/ measuredKy values for theP. multocida HAS in crude
/ membranes are about-3-fold lower for each substrate than

1 those obtained from the HAS found in streptococcal mem-

/ branes: 50 or 3gM for UDP-GIcA and 500 or 15@M for

UDP-GIcNAc [Stoolmiller and Dorfman (1969) or van de
Rijn and Drake (1992), respectively, for each value].

'% By kinetic analyses, th&pa.x Of the P. multocidaHAS
was 2-3-fold higher in the presence of Mhthan Mg,
but the UDP-GIcNAcKy value was increased slightly in
assays with the former ion. This observation of apparent
lowered affinity suggests that the increased polymerization
rate wasnot due to better binding of the Mn ion/sugar
nucleotide complex to the enzyme active site(s). Therefore
[S] um it is possible that Mfi" enhances some other reaction step,
FIGURE 5. Hanes-Woolf plot estimation 0fVimax and Ku. The alters another site/structure of the enzyme, or modifies the

specific incorporation data used to generate Figures 3 (UDP- hhospholipid membrane environment.
GIcNAc, squares) and 4 (UDP-GICcA, circles) were graphed as [S)/

[S1/v

0 200 400 600 800 1000

versus[S]. The parallel slopes, which correspond t¥,}4, indicate Elucidation of the complete primary structure of tRe
that the maximal velocities for the sugar nucleotide precursors were multocidaHAS would allow comparison with the strepto-
equivalent. Thec-axis intercept, which signifies Ky, yieldedKy, coccal HasA enzyme prototype. Sequence similarities may

:‘I:;u%iti82|75 and 2QuM for UDP-GIcNAc and UDP-GIcA,  yia|q insight on the enzyme features critical for HA biosyn-

P y- thesis such as the catalytic residues or substrate binding sites.
It will also be interesting to see if tHe. multocidasequence-
(s) belong to a new apparent class of polysaccharide

Table 1: Metal Dependence ¥fax and Ky?

membranewash _ assayion Ku (M)  Vmax(pmolih) synthases, which includes chitin synthases, with sequence
Mg Mg 7545 114+ 36 similarity to HasA (DeAngelist al., 1994).
EDTA Mg 55+ 25 98+ 1
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