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ABSTRACT. Hyaluronan synthase (HAS) utilizes UDP-GIcUA and UDP-GIcNAc in the presence &f Mg

to form the GAG hyaluronan (HA). The purified HAS frotreptococcus equisimiliseHAS) shows

high fidelity in that it only polymerizes the native substrates, UDP-GIcNAc and UDP-GICUA. However,
other uridinyl nucleotides and UDP-sugars inhibited enzyme activity, including UDP-GalNAc, UDP-Glc,
UDP-Gal, UDP-GalUA, UMP, UDP, and UTP. Purified seHAS wad0% more active in 25 mM,
compared to 50 mM, P{n the presence of either 50 mM NaCl or KCI, and displayed a slight preference
for KCI over NaCl. The pH profile was surprisingly broad, with an effective range of pH 6155 and

the optimum between pH 9 and 10. SeHAS displayed two appakentglues at pH 6.6 and 11.8. As the

pH was increased from-6.5, bothKy, and Vimax increased until pH~ 10.5, above which the kinetic
constants gradually declined. Nonetheless, the overall catalytic constant (120/s) was essentially unchanged
from pH 6.5 to 10.5. The enzyme is temperature labile, but more stable in the presence of substrate and
cardiolipin. Purified seHAS requires exogenous cardiolipin for activity and is very sensitive to the fatty
acyl composition of the phospholipid. The enzyme was inactive or highly activated by synthetic cardiolipins
containing, respectively, C14:0 or C18AN) fatty acids. The appareBt.:for HA synthesis is 40 kJ (9.5
kcal/mol) disaccharide. Increasing the viscosity by increasing concentrations of PEG, ethylene glycol,
glycerol, or sucrose inhibited seHAS activity. For PEGs, the extent of inhibition was proportional to their
molecular mass. PEGs with average masses of 2.7, 11.7, and 20 kg/mol caused 50% inhibitigabf

21, 6.5, and 3.5 mM, respectively. The appar&ntvalues for ethylene glycol, glycerol, and sucrose
were, respectively, 4.5, 3.3, and 1.2 mM.

The glycosaminoglycan (GAGhyaluronic acid (HA) was  pyogene$iAS (13, 14). The similar Group GStreptococcus
purified and characterized over 70 years ahoKA is found equisimilisHAS (seHAS) was reported four years latb)
in some prokaryotes and is a ubiquitous extracellular Since the initial report; 20 HAS genes from many species
component of vertebrates2{4). HA is a linear het- have been identified and cloned. Two distinct types of HASs
eropolysaccharide composed of the repeating disaccharidenave been recognized®): the unique Class IPasteurella
[—4)-B-p-glucuronic acid-8(1—3)-p-N-acetylglucosamine-  multocidaHAS and the Class | family, which comprises all
(1—]. This glycosaminoglycan is a general constituent of the other known HASs, including the streptococcal enzymes.
extracellular matrixes and is a major component in tissues The Class | enzymes produce HA in bactefiZ, (8), virus-
such as cartilage and dermis, and in synovial and vitreousinfected algae9), amphibiansZ0, 21), and mammals22—
fluids. HA plays an important role during fertilization, 25 The eukaryotic enzymes have been placed into three
embryogenesis, development, and differentiat®naq). HA subfamilies, designated HAS1, HAS2 and HASZ5,(27),
is also involved in a wide variety of cellular functions and  each of which is~30% identical to the three streptococcal
behaviors, including cell migration, phagocytosis, and pro- yass from pyogenes equisimilis and uberis The Pas-
teoglycan assembly2( 4, 8). In addition, HA plays a role e rella HAS is in a category by itself as a Class Il HAS,
during wound healing, and is used as a drug delivery vehicle, since it is very distinct from all the other synthases in its
a cosmetic ingredient, and as an analgesicl). structure and mechanism of actiob6( 17).

In 1993, we cloned, sequenced, and functionally expressed .
thehasAgene encoding spHAS, the GroupSireptococcus Although the gene knockouts of HAS1 or H'AS3 in mice

showed no phenotype, the HAS2 knockout is lett28).

*This research was supported by National Institute of General The animals die during mid-gestation with critical defects
Medical Sciences grant GM35978 from the National Institutes of Health. in cardiac and vascular development. Surprisingly, the three
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1 Abbreviations: CL, cardiolipin; ECM, extracellular matrix; GAG, ~ transfected cells in vitro2@—31). If this behavior occurs in
glycosaminoglycan; HA, hyaluronic acid, hyaluronate, hyaluronan; vivo, then different HA product sizes may be important at

HAS, HA synthase; seHASStreptococcus equisinsliHAS; PBS, i i i
phosphate-buffered saline; Tris, trishydroxymethylamino methane; TBS, different developmental stages, in wound healing, or other

tris-buffered saline; TBST, tris-buffered saline containing 0.05% Tween PNYsiological situations. In _the case of some prokaryotes
20. (e.g.,S. pyogeneandS. equisimiliy, HA encapsulates the
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bacterium, thereby allowing evasion of the host’s immune to a concentration of 4&g/mL, and the suspension was
system 82). Encapsulation is an effective pathogenic strategy sonicated on ice three times for 30 s each at 20 W using a
because the bacterial and host HA, are identical in structure.microtip probe (W-380; Heat Systems Ultrasonic, Inc,
Cell-free HA biosynthesis was first achieved 45 years ago Farmingdale, NY). The lysate was diluted 2-fold in PBS
(33), and active HAS preparations were later obtained from containing 1.3 M glycerol, 1 mM dithiothreitol and the above
detergent extracts of eukaryo®@4( 35) and prokaryote36, protease inhibitors. Mge60 mM), DNase, and RNase (1
37) membranes. Nonetheless, no active HAS was purified #9/mL each) were added to the indicated final concentrations.
until Tlapak-Simmons et al.38) reported the purification ~ After 20 min on ice with constant mixing, debris was
of recombinant spHAS and seHAS expresseBsnherichia ~ removed by centrifugation at 10 0@for 30 min at 4°C.
coli. The seHAS and spHAS enzymes were also character-The membranes were then harvested by ultracentrifugation

ized with respect to their kinetic constan@), functional ~ at 100 00Qg for 1 h. The membrane pellet was resuspended

size @0), and their requirement for phospholipid, particularly once with PBS containing 1.3 M glycerol and the above

CL, for full enzymatic activity 88). protease inhibitors, sonicated and recentrifuged at 100 000
The molecular mass of a streptococcal HAS-#9 kDa, g for 1 h. The final pellets were stored a0 °C at~300

which is relatively small to mediate all the functions required 49 Protein/g cells. o

for HA synthesis. The enzyme must bind the two precursors HAS Extraction and Purification.Thawed membrane
(UDP-GIcUA and UDP-GICcNAC) in the presence of MgCl pellets.(vl.3 mg of pr.ot.em) were solubilized in 10 mL of
catalyze two distinct glycosyltransferase reactions, bind to €xtraction buffer containing 10 mM n-dodegie-maltoside,

the growing HA chain, translocate the extended HA polymer 50 MM sodium and potassium phosphate (pH 7.0), 150 mM
through the enzyme (and through the lipid bilayer if the NaCl, 10 mM MgC}, 1.0 mM -mercaptoethanol, 2.7 mM
protein is in a membrane), and finally release the HA chain, 9lycerol, 0.5ug/mL leupeptin, 0.%.g/mL pepstatin, and 46
typically after >10 000 monosaccharides2 x 10° Da)  #9/mL phenylmethylsulfonyl fluoride o2 h at 4°C with
have been assembled. In this study we characterized purifiedd@ntle mixing in a Micromixer E-36 (Taitec). The nonsolu-
seHAS by examining the effects of ionic strength, pH, bilized membrane components were sedimented by centrifu-

osmolarity, temperature, lipids, synthetic lipids, nucleotides, 9ation at 100 00@ for 1 h at 4°C. Imidazole was then added

sugars, and nucleotide-sugars on its activity. to the_supernatan_t_(to_a final conc_entrati_on of 30 mM) to
minimize nonspecific binding dE. coli proteins to the Ni"-
METHODS AND MATERIALS nitrilotriacetic acid (Ni-NTA) resin (QIAGEN Inc.). The

extract (9.5 mL) was then applied directly to’Nidepleted

Materials, Strains. and PlasmidReagents were supplied  NTA resin (0.3 mL in a minispin column; Bio-Rad) that had
by Sigma unless stated otherwise. Media components werebeen equilibrated with extraction buffer, minus MgQ@or
from Difco. Phosphate buffered saline (PBS) was formulated 30 min at 4°C with constant mixing. The enzyme extract
according to the GIBCO catalog. The gene encoding HAS was removed and then incubated with 0.3 mIZ*NNTA
from S. equisimilisvas inserted into the pKK223-3 vector  resin fa 2 h at 4°C with constant mixing. After incubation,
(Amersham Pharmacia Biotech) and cloned iiio coli the nonbound proteins were allowed to flow through the
SURE cells 15). The pKK223-3 vector contains the strong resin, which was then washed with 10 column volumes of
tac promoter, which is regulated by tHac repressor and  extraction buffer to remove contaminating proteins. SeHAS
induced with isopropyB-p-thiogalactoside. To facilitate  was eluted in 0.3 mL of 25 mM sodium and potassium
purification of seHAS 88), a C-terminal fusion of 6-His  phosphate, pH 7.0, 50 mM NaCl, 1.0 mM dithiothreitol, 2.7
residues was introduced into the construct using syntheticm glycerol, 1 mM n-dodecyB-p-maltoside, 0.5ug/mL
oligonucleotides and standard polymerase chain reactionleupeptin, 46:g/mL phenylmethylsulfonyl fluoride, 0.ig/
techniques. This modification does not significantly alter mL pepstatin, and 200 mM histidine. The exposure to, or
enzymatic activity 40). Synthetic cardiolipins containing  the presence of, histidine did not affect the activity of HAS.
only myristic acid (C14:0) or oleic acid (C18A8]) were  Protein concentrations were determined with the Coomassie
from Avanti. protein assay reagent (Pierce) using bovine serum albumin

Cell Growth and Membrane Preparation. E. c8URE as the standard4(). Purities of final seHAS preparations,
cells containing the HAS-encoding plasmids were grown at assessed by SDIPAGE @2), were >99% based on
32°C in Luria broth to anAgy of 1.5—1.6. The cells were  densitometric analysis of Coomassie-stained gels.
then induced with 1 mM isopropyi-p-thiogalactoside and HAS Actiity. HAS activity was normally determined in
grown for an additional 3 h. The cells were harvested by 100uL of 25 mM sodium and potassium phosphate (pH 7.0),
centrifugation at £C for 30 min at 3006, washed twice containing 50 mM NaCl, 20 mM MgG| 1.0 mM dithio-
with PBS containing 1.3 M glycerol atC, and then frozen  threitol, 1.0 mM EDTA 2 M glycerol, 1.0 mM n-dodecyl-
at—80°C. Membranes fronk. coli containing seHAS were  3-p-maltoside, 2 mM bovine CL, 1.0 mM UDP-GIcUA, 1.0
obtained by modifications of a protoplast method reported mM UDP-GIcNAc, and 0.6%M UDP-[**C]GIcUA (380
previously 38). Cell pellets were thawed and resuspended mCi/mmol; New England Nuclear). Purified seHAS (8.3
to 1% of the original culture volume in 30 mM Tris (pH 0.5 ug) was added to initiate the enzyme reaction and the
8.2), 20% sucrose, 10 mM Mg&£I11l mM dithiothreitol, 0.5 mixture was gently agitated in a MicroMixer E-36 (Taitec)
ug/mL leupeptin, and 0.Zg/mL pepstatin. Lysozyme (20 at 30°C for 1 h, or the indicated temperature and time.
mg/mL) in 0.1 M EDTA, pH 8, was added (0.1% of the Madifications to the normal assay buffer for specific experi-
initial culture volume), and the suspension was mixed until ments are indicated in the figure legends. Reactions were
homogeneous and then incubated for 40 min on ice with terminated by the addition of sodium dodecyl sulfate to 2%
constant mixing. Phenylmethylsulfonyl fluoride was added (w/v) final concentration at 22C. The incorporation of‘{C]-
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GlcUA into high molecular mass HA was measured by
descending paper chromatography using Whatman No. 3MM
paper developechil M ammonium acetate (pH 5.5), and
ethanol (7:13). The origins were cut out, eluted overnight
with 1 mL of distilled HO in scintillation vials; 5 mL of
Ultimagold scintillation fluid (Packard) was added, and
radioactivity was assessed using a Packard Model A2300
scintillation counter. For all the conditions reported, the
assays used limiting amounts of seHAS protein and the
kinetics were linear foe1 h at< 30 °C. Above 30°C, the
kinetics were linear for-45 min.

40 |- 0o®e

20 | b *

10 | °

SPECIFIC ACTIVITY OF seHAS
(nmol/ug/h)

RESULTS B Ak

Effect of pH on Maxand K, Values.The effects of pH on 03 &

the Michealis-Menten constant&{) for both UDP-sugar
substrates and the maximal velocitby of purified seHAS

at 30°C are shown in Figure 1. The effective pH range for
the enzyme was between 6.5 and 11.5, with the optimum
between pH 9-10. Although the pH was varied from 4.5 to
12, the enzyme kinetics remained linear for 2 h. As the pH
increased above pH5, theVmax (Figure 1A) andK, (Figure ak

1B,C) values increased until pH10, above which the 0o ———+—+—+—+—+—+—
kinetic values then decreased. The synthase retah®®% sk C

of its optimal activity at pH 6.5 or pH 11.5. The membrane- '
bound seHAS showed similar results (data not shown).

The three pH-activity profiles for the purified seHAS
(Figure 1A-C) are bell-shaped curves, which typically
indicate an enzyme mechanism that involves two protic ]
residues. These data show two appardfy yalues, at pH - }
6.6 and 11.8. Maximum activity of the enzyme requires that o1
the first residue, responsible for the inflection at pH 6.5, be a®
protonated, but that the second residue, with an inflection at
pH 11.8, be deprotonated. This indicates that the binding
capacity for the substrates may decrease as the enzyme 150 D DDDDDDDDD
approaches its optimal/max. Noneteheless, the catalytic
constants for seHAS (determined as the ratiovf/Km)
remained very high and relatively constant over a broad pH
range (Figure 1D);-120 s* for UDP-GIcUA and~150 s*
for UDP-GIcNAc. Presumbly, the overak.: for HA
biosynthesis would reflect the slower limiting value of 120
s 1 for UDP-GICUA. Thus, the conversion of substrates into Aa
products by seHAS is actually optimal over-&-log range, 25n
from pH ~6.5 to~10.5. Theoretically, under these optimal
conditions in vitro, purified seHAS could polymerize an HA 4 5 6 7 8 9 10 11 12
chain of 13 Da (~25 000 disaccharide units) in just 3.5 min.

To assess the pH-stability of purified seHAS, the enzyme
was preincubated at pH 5.5 or 11.5 in the absence of
substrates at 3tC for 1 h and then assayed at the same pH o .

Ficure 1: Effect of pH on the kinetic constants of purified seHAS.

or ‘.T[ pH 7, 8, or 9 (Figure 2). When the enzyme was .Rather than the normal sodiurpotassium phosphate buffer, 25
preincubated at pH 5.5 and then assayed at the same pH, ify\ solutions of potassium phosphate and phosphoric acid were

was 26% as active as the non preincubated control assayeehixed to achieve pH values ranging from 4.5 to 12. The maximal
at pH 5.5 (i.e.~74% of the pH 5.5 activity was lost after velocity of seHAS (panel A) was determined at the indicated pH
the 1 h pretreatment). However, when the enzyme was values using saturating concentrations of UDP-GICUA and UDP-
. P ) y GIcNAc (1.0 mM each). Th&, values for UDP-GICUA (Panel B;
preincubated at pH 5.5 and then assayed at pH 7, 8, or 9k or UDP-GIGNAG (panel CK were deter-
iviti %. 178% ubp-Glcua) OF UL (p UDP-GIcNAC) _
the recovered activities were much greater at 127%, 178%, mined at the indicated pH values by varying the concentration of
and 221% of the pH 5.5 control values, respectively. one substrate from 0.005 to 1.0 mM, while holding the other
Nonetheless, all three latter values at pH 7, 8, or 9 were substra_te concen_tration constant at 1.0 _mM. Khevalues were
substantially lower for seHAS pretreated at pH 5.5 (black determined by LineweaveBurke analysis. Panel D shows the

o calculated catalytic constants at the indicated pH values, obtained
bars) than those for untreated seHAS (indicated by the 9r3Y by dividing theVimgyvalues by thekuop_cicua (4) Of theKuop aoac

bars). Pretreatment at pH 5.5 decreased the normal activityyalues (). The incorporation of substrate into HA was monitored
of seHAS at pH 7, 8, or 9 by about 890%. as described in Materials and Methods.
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Ficure 2: Effect of pH on stability of purified seHAS. Purified 8
seHAS was assayed at pH 5.5, 7, 8, 9, or 11.5 (gray bars) for 1 h & 04 i
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at 30°C or preincubated at either pH 5.5 or 11.5 foh at 30°C :
and then assayed at pH 5.5, 7,8, 9, or 11.5 (black bars) foat 0 15 30 45
30 °C as described in Methods. TIME (minutes)
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0
00 05 10 15 20 TEMPERATURE (°C)
CARDIOLIPIN (mM) FiGUre 4: Effect of temperature, cardiolipin and substrate on the
specific activity of purified seHAS. Purified seHAS was pre-
incubated at pH 7.0 at temperatures ranging from 4 t6@bas
'Edicated, in the absence (panel A, open symbols) or presence (panel
, closed symbols) of 2 mM bovine CL plus 1 mM UDP-GIcUA
for 1 h. The control @), which is shown for comparison in both A
and B, was incubated at T in the presence of bovine CL and
UDP-GIcUA. The preincubated samples were then incubated with
radiolabeled substrates and HAS activity was assessed at the
indicated times at 30C as described in Experimental Methods.

. Panel C shows the effect of CL plus UDP-GIcUA on the specific
In contrast, the enzyme preincubated at pH 11.5 and thenaeyivity of purified seHAS at the indicated temperatures, as

assayed at pH 11.5, haeb0% of the control activity (Figure determined from the slopes of lines in ®) or B (®).
2). SeHAS preincubated at pH 11.5 and then assayed at pH

7, 8, or 9 had 64%, 60%, or 75% of the pH 11.5 control acids was the best activating cardiolipin for seHAS that we
activity, respectively. Pretreatment of seHAS foh at pH have found to date.

11.5 resulted in a 4650% loss in activity when the enzyme CL and UDP-GICUA Enhance the Temperature Stability
was then assayed at pH 7, 8, or 9, compared to the untreategf seHASPreincubation of purified seHAS at temperatures
controls. Thus, seHAS is considerably more stable at higher hetween £C and~45 °C without substrates or phospholipid
pH, where it is also intrinsically more active. for 1 h decreased enzyme activity, indicating that the protein
SeHAS Actiity Depends on the Fatty Acyl Composition is temperature labile, even at°€ (Figure 4A). At higher
of Cardiolipin Preparations.We reported previously that temperatures, particularly abovel5°C, seHAS activity was
purified seHAS requires phospholipid for activit$g) and lost in an almost linear manner with increasing temperature
that the active functional unit of the enzyme in membranes (Figure 4C). Only~10% of the initial activity remained after
is a protein monomer in complex with about 16 phospho- 1 h at 45°C. Since the streptococcal HASs require CL or
lipids (40). In both cases, the preferred phospholipid was phosphatidylserine for activity, we assessed the effects of
cardiolipin. Since the majority of our studies with seHAS CL on the temperature stability of seHAS. If bovine CL and
have been performed using CL preparations from bovine UDP-GICUA were present, the stability of seHAS at higher
heart membranes, we compared the ability of several differenttemperatures was improved, with a significant decrease in
commercial CL preparations to activate the purified enzyme HA biosynthesis occurring only above25 °C (Figure 4B
(Figure 3). Both CL preparations from natural membranes and 4C). About 25% of the activity remained after pretreat-
(bovine heart oE. coli) stimulated seHAS activity effectively ment fa 1 h at 45°C. In the absence of UDP-GIcUA and
in a dose-dependent manner, whereas the synthetic ClLbovine CL, the seHAS activity decreased by 25% for the 4
containing only short (14 carbons) saturated fatty acyl chains °C sample (Figure 4CAfter pretreatment at 3540 °C, 3.3-
was completely ineffective in activating seHAS. In contrast, fold more activity was recovered in the presence of CL and
the synthetic CL containing only 18-carbon unsaturated oleic UDP-GIcUA. In other experiments, we observed a similar

I
seHAS SPECIFIC ACTIVITY

seHAS SPECIFIC ACTIVITY
(nmol/ug/hour)

Ficure 3: Differential activation of purified seHAS by different
cardiolipin preparations. Recombinant seHAS was purified in the
absence of phospholipids and then assayed in the presence o
increasing amounts (€2 mM) of commercial cardiolipin mixtures
prepared by extraction from bovine hea®) (or E. colimembranes

(m) or synthetic cardiolipin preparations containing only myristic
(a) or oleic (®) fatty acids.
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Ficure 6: Effect of ionic strength on seHAS activity. The effect

of KCI and NaCl on purified seHAS was determined using the

normal assay conditions to assess HAS activity described in
Experimental Methods, except that two buffer concentrations were
used: 25 mM KHPQ (O,®) and 50 mM KHPQ (O,m) with

varying NaCl ©,00) and KCI (@,®) concentrations from 0 to 1.0

M. Kinetics were linear with respect to time and enzyme concentra-

tion under all conditions.

Effect of lonic StrengthThe effect of increasing KCI or
NaCl concentration on the HA biosynthesis reaction was
examined in PBS at pH 7 (Figure 6). The activity of purified
seHAS was affected in a biphasic manner by increasing ionic
strength and was also affected by the specific monovalent
cation ion present. The enzyme had a higher specific activity
in buffer containing KCl and lower phosphate concentration.
In the absence of either KCI or NaCl, seHAS was twice as

enzyme was assayed at various temperatures, as indicated, betweeactive in 25 mM versus 50 mM phosphate. In both cases

15 and 45°C as in Figure 4 at pH 7 and pH 8 (not shown). (B)
Arrhenius plot. The kinetic rate values (I04nay), determined as
in A, at pH 7.0 @) and pH 8 @) are plotted vs 1l/temperature.

there was slightly higher activity in KCI than NaCl. At 25
mM sodium or potassium phosphatbe highest seHAS
activity with either KCI or NaCl occurred from 25 to 75
mM. However, as the concentration of either salt increased

enhancement of seHAS stability at elevated temperatures inabove 100 mM, th&/,, gradually decreased to essentially

the presence of CL alone, but less of an effect with UDP-
GIcUA alone. For example, preincubation of purified seHAS
at 20°C for 1 h with either 1 mM UDP-GIcUA plus 2 mM
CL, 1 mM UDP-GIcUA alone, 2 mM CL alone, or no
additions gave relative activities of 100%, 34%, 85%, and

identical values at 1 M. For NaCl and KCl, these activities
were~10% and 20%, respectively, of the maximum activity.
The enzyme is, therefore, sensitive to the nature and
concentration of the monovalent cations present.

Inhibition of seHAS Actity by Nucleotides, Sugars, and

28%, respectively, when the samples were then assayed aNucleotide-SugardJsing isolated membranes, we previously

30°C for 1 h.

Energy of Actiation. The kinetics of HA synthesis by the
synthase (with CL present) remained linear for at least 1 h
at pH 7 (Figure 5A) or pH 8.5 (not shown) betweert@
and 35°C. Although at pH 7 the enzyme was more active
at 40°C than 35°C, the kinetics became slightly curvilinear,
consistent with the thermal instability noted above. Activity
was barely detected below 1% and activity decreased
above 40°C, e.g. at 45°C seHAS activity was similar to
that at 25-30 °C. At pH 8.5 the maximal activity occurred
at ~35—-40 °C, whereas at pH 7 the maximal activity
occurred at~40 °C. Standard activity assays are at %D
which represents a good compromise for linearity, high
specific activity and thermal stability. An Arrhenius plot
(Figure 5B) of the Vnax values versus the reciprocal-
temperature shows a linear increase in activity from 15 to
30 °C, with a drop off between 30 and 3&. The maximal
velocity data at pH 7 and 8.5 from 15 to 36 were used to
calculate an appareft, of 9.5 kcal/mol (or 40 kJd/mol) for
the biosynthesis of HA disaccharides.

observed that uridine derivatives could inhibit seHAS activ-
ity, even though they were apparently not misincorporated
into HA (39). To assess the specificity of this effect, purified
seHAS was assayed using substrate concentrations below the
Km values in the presence of a variety of monosaccharides,
nucleotides or nucleotide-sugars (Figure 7A). None of the
monosaccharides tested inhibited seHAS activity, whereas
the nucleotides and nucleotide-sugars caused variable inhibi-
tion. At a concentration of 2 mM the potency for the
compounds tested, ordered from least to greatest inhibition
(percent inhibition), was: ATP (10%), UDP-GalNAc (30%),
UDP-Gilc (30%), UDP-Gal (35%), UTP (45%), UDP-GalUA
(45%), UMP (80%), and UDP (97%). Titrations of the more
potent inhibitors revealed unexpected biphasic profiles
(Figure 8B), in which only partial inhibition occurred with
most of these uridinyl compounds. In particular, the profiles
for UDP-GalNAc, UDP-Gal, UDP-Glc, and UTP showed
very abrupt transitions, essentially leveling off above 0.1 mM
at 10-45% inhibition. Partial, biphasic inhibition by any of
these uridinyl compounds is unexpected if their mode of
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Ficure 9: Effect of PEGs of different molar masses on seHAS
activity. Purified seHAS was assayed using the normal conditions
described in Experimental Methods, except d/ glycerol was
omitted and PEGs of different average mass were added at the
indicated concentration: 275®), 11 756 @), and 20 000 g/mol

(A).

the effect of sucrose, glycerol, and ethylene glycol on the
activity of purified seHAS (Figure 8). SeHAS activity
increased when the ethylene glycol concentration increased
up to 2 M, whereas a similar increase was not seen in
corresponding samples containing either glycerol or sucrose.
All three agents inhibited seHAS activity with apparéqt

Ficure 7: Effect of nucleotides, nucleotide-sugars and sugars on values of 4.5, 3.3, and 1.2 M for ethylene glycol, glycerol,
seHAS activity. (A) The activity of purified seHAS was determined and sucrose, respectively. For example, a much higher
using the normal activity assay, except the UDP-GICUA and UDP- ., antration of ethylene glycol (6 M) was needed to achieve

GIcNAc concentrations were, respectively, 0.02 and 0.035 mM, e -
and the indicated nucleotide, nucleotide-sugar or sugar was presenf“85% inhibition of seHAS activity compared to glycerol (4
M) or sucrose (2 M).

at 2 mM. Values are presented as the meaSD for duplicate

assays indt?retﬁ i”dengFt’_e”t eXerfl"?e"ltsj(l?é(y"")hi?é‘) were Effect of Poly(ethylene glycol) on HAS Adty. To assess
normalized to the no-addition control (set a 0). e two : : o

substrate concentrations were below tH&jr values, as in panel further_the effect of viscosity on S eHAS activity, we
A, and the nucleotide and sugar nucleotide concentrations rangeddetermined the effect of PEGs of various molecular masses
from 0 to 1 mM: UMP @), UDP (@), UTP (a), UDP-Glc (#), on the maximal velocity of the purified enzyme (Figure 9).
UDP-GalNAc @), UDP-GalUA (), and UDP-Gal ). As the molecular mass of the PEG increased, \thg, of
seHAS decreased; the concentration needed to inhibit seHAS

0 1 2 3 4 5 6 7
CONCENTRATION (M)

i N activity was inversely proportional to the PEG molecular
S i ] mass. Thus, a lower concentration was required to inactivate
5o 50 Etyenogyeol | seHAS, when the PEG molecular mass was larger. The
S § a0k i increasing order of PEG inhibitory ability (apparéG) was
) 21, 6.5, and 3.5 mM, respectively, for molecular masses of
o5 ¥r T 2751, 11 756, and 20 000 g/mol.
& E 20f .
w c
n Sucrose DISCUSSION
% 10~ Glycerol T
] ol - It has been difficult to detergent-solubilize and purify, with

1 1 1 1 1 1 1 1

retention of activity, HA synthases from any source. The
recombinant seHAS and spHAS have been the easiest Class
| HA synthases to purify 39), and we have been able to

Ficure 8: Effect of differer]t viscogens on SEHAS_ _activity. PUrIfIEd ] Study these enzymes more extensive|y_ Recombinant mouse
seHAS was assayed using the normal conditions described in HAS1 is the only other HAS to be successfully purified and
Methods, except th& M glycerol was omitted and ethylene glycol Lo - :
(W), sucrose 4), or glycerol @) was included at the indicated k|net|gally characterized4@). Thus, studies of the type _
concentration. described here have not been reported before. On the basis
of the results from geneticl8, 14), biochemical 44), and
action is to compete for the binding of either substrate, UDP- radiation inactivation studiegtQ, 45), and studies with the
GIcNAc or UDP-GIcUA. purified enzymes38, 39, 43), it is clear that a Class | HAS
Effect of Glycerol, Ethylene Glycol, or Sucrose on HAS s the only protein necessary for HA biosynthesighen the
Activity. The activity of seHAS might be sensitive to UDP-sugars are provided. There is no evidence that HAS
viscosity, since the enzyme remains attached to a very largerequires a primer or any other proteins in order to synthesize
polymer, whose viscosity can increase dramatically with HA. The kinetic behaviors of membrane-bound HASs from
increasing size or concentration. We, therefore, examinedvarious sources are generally very similar. Typically, the
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UDP-GIcUA Ky, values are lower (e.g., 3075 uM for the One interpretation of these above results is that uridine
streptococcal and human HASs) than those for UDP-GIcNAc nucleotides or UDP-sugars can bind to the UDP-GIcNAc or
(e.g., 256-1000 uM for the three human enzymeYmax UDP-GIcUA binding sites and serve as inhibitors. Consistent
values for various HASs are more difficult to compare with this idea, we noted previousIg9) that high concentra-

because different groups use different methods to normalizetions of either UDP-sugar substrate caused inhibition,
the amount of HA synthesis to the amount of HAS protein. especially if the ratio of the two substrates was very different

Purified seHAS and spHAS (data not included) had a than 1:1. Although the other UDP-sugars or uridine nucleo-
surprisingly broad activity range between pH-68..5. Each tides can likely occupy part of the substrate binding pockets,
bell shaped pH response curve for seHAS showed two causing inhibition, most of them do not behave like typical
apparent [, inflections at pH~6.6 and~11.8, which competitive inhibitors. An unexpected finding (Figure 7B)
suggest a two-base isomerization mechanism possibly in-was that, with the exception'of UDP, the inhibition curves
volving histidine and arginine, respectively, at each pH. The for these compounds were biphasic and showed only partial
pH optimum and range of high activity are much broader inhibitory effects. For example, UDP-GalNAc and UDP-Glc
than the pH 7.1 optimum and narrow optimum range reported only inhibited about 26% and 47%, respectively. This partial

for broken Streptococcus pyogenesll preparations36). inhibitory behavior is inconsistent with their competition at
A neutral range pH optimum has also been reported for otherthe UDP-sugar substrate binding sites. Rather, the partial
membrane-bound HA synthases, e.g. 77 for rat fibro- inhibition is more consistent with an allosteric type of

sarcoma HAS46) and 7.6-8.1 for xIHAS @7). Although modulation at another binding site. Although an earlier study
seHAS was labile under extreme low and high pH conditions, using isolated membranes found no evidence for such a site
the presence of UDP-GICUA and bovine CL enhanced its in seHAS, spHAS did display sigmoidal kinetic behavior
stability. with increasing concentrations of UDP-GICNA89Y. Al-

The temperature dependence seen in the Arrhenius plotOSteric regulation of spHAS, iS. pyogenesells, which
(Figure 4) shows that seHAS behaves within the Maxwell- Produces a very large HA capsule, might ensure that these
Boltzman law only in the temperature range from 15 to 35 9rowing cells conserve enough UDP-GIcNAc for cell wall
°C. The activity of seHAS decreased abov85 °C (break b|osynt_he5|s. Although we did not detect it, allosteric
temperature). The energy of activatioB.§) calculated in ~ regulation of seHAS may also occur, but may depend on
the temperature range between 15 and@5was 9.5 kcal/ mamtengnce of a 'p'art|cular cellular environment that is not
mol, which is approximately 60% of the value of 15 kcal/ Presentin the purified or membrane-bound enzyme.
mol for the eukaryotic XIHAS 47) or 17 kcal/mol for the Others have shown that membrane-bound synthases are
Streptococcus pneumoniagpe 3 polysaccharide synthase inhibited by various nucleotides, nucleotide sugars, and
(48). The lowerE, observed for seHAS could be because sugars. For example, Stoolmiller and Dorfma&6)(reported
the enzyme was purified and did not have to extrude the that spHAS is inhibited by UDP, GIcUA, and GalUA,
HA product through a lipid bilayer, whereas tkg; values although it is stimulated slightly by GIcNAc, and the type 3
for the xIHAS and type 3 polysaccharide synthases were capsular synthase is inhibited by UDP-Xylos&8)( HA
determined in membranes. synthesis by membranes containing xIHAS was inhibited by

Many enzymes have a preference for either sodium or ATP, CTP, GTP, UMP, UDP, UTP, UDP-Gal, UDP-GalUA,

potassium and usually it is related to physiological situations UDP-GalNAc, and UDP-Glc45). Unknown HASs from

in the organism. For example, rat liver phosphofructokinase teratocarcinoma cell membranes showed inhibition of HA
is completely inactivated by NaCl, whereas KCI helps to Production by UDP and UMP but stimulation of HA
stabilize the enzyme and increase its activ§)(In contrast, ~ production by UTP, ATP, ADP, AMP, cAMP, ADP-Glc,

the purified seHAS was not very sensitive to the presence and AMP g0). Stimulatory effects in crude membranes could
of KClI or NaCl; the enzyme was about430% less active ~ be explained by some of the nucleotides serving as substrates
in the presence of NaCl compared to KCI. Enzyme activity for contaminating phosphatase, phosphodiesterase or other
decreased with increasing concentrations of either salt.activities, thus protecting the precursors from degradation
Although activity of purified seHAS was inhibited at higher ~0r metabolism. Examination of purified seHAS eliminates
phosphate concentration, previous studies found that phos{ossible confounding results due to the metabolism or
phate enhanced the stability and ability to store the purified utilization of the various nucleotides by contaminating
enzyme 88). enzymes in crude membranes. Consequently, we did not

Saccharide synthases from various organisms are Veryobserve stimulation with the purified seHAS that others may

specific as to which sugar nucleotides are used to assembid'ave noticed in membranes.

the growing polymer chain. Membrane-bound native spHAS  In general, the structural dynamics of a protein can play
(33), recombinant spHASI4, 44), and recombinant seHAS  an important role in regulating its biochemical functi&i),

(15 only incorporate UDP-GICUA and UDP-GIcNAc. Since the interaction of proteins with the surrounding water
Nonetheless, these enzymes bind a variety of other nucleo-molecules is linked with structural dynamics and Brownian
tides and nucleotide sugars, which are not utilized as motion, protein functions associated with (or dependent on)
substrates but which inhibit activity. Purified seHAS was molecular motion are linked to solvent viscosity, which
inhibited substantially by UMP, UDP, UTP, UDP-GIc, UDP- should thus affect a protein’s dynamics2¢57). In most
GalNAc, UDP-GalUA, and UDP-Gal. The other nucleotides, cases, the rate constant for kinetic processes in solution is
nucleotide sugars, and sugars tested had no effect on enzymaversely proportional to the viscosity, and protein confor-
activity. We also found similar results for purified spHAS mational changes that involve major surface changes show
(data not shown). the most pronounced viscosity dependence.
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PEGs of increasing molecular mass progressively inhibited identify the catalytic steps catalyzed by HAS that are lipid-
seHAS, as the concentration increased. Similarly, increasingdependent.

concentrations of glycerol, ethylene glycol, or sucrose

inhibited seHAS activity. Interestingly, at lower concentra- ACKNOWLEDGMENT

tions the three latter viscogens had little effect, or actually
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inhibition as the concentration increased. These cosolutes;
which have much smaller molecular masses (sucrose, 342.3G
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than the PEGs examined, required much greater concentra-

tions to cause similar levels of inhibition, i.e. M rather than REFERENCES

mM.

Interpretation of these effects on seHAS is hindered by
the complexity of the multiple reactions the enzyme catalyzes 2
in order to assemble an HA chain. Preliminary results using
purified seHAS $8) have confirmed the earlier results of
others, using crude membrane preparati®¥sg0), that HA
synthesis occurs by addition of new sugars to the reducing
end. The growing chain is, therefore, always activated by
attachment to UDP, which is derived from the last sugar
added 17). The Class | HASs do not release and then rebind
HA chains as synthesis proceeds. Rather, the process is
processive and chain release likely coincides with chain

termination 6, 17). The bond forming reactions proceed 6.

by an inversion mechanism to forfiaglycoside bonds from
the a-linked UDP-sugars, and these reactions are coupled

to stepwise movements, i.e. translocation, of the growing 7.

chain. Increasing solvent viscosity should more dramatically
affect the latter reactions, which likely involve large move-

ments of protein domains, compared to the substrate binding
and bond forming reactions. 9

It is possible that the viscogens tested inhibit seHAS in a
different manner or have additional effects not related to their g
viscosity. For example, they all contairOH groups capable
of interacting with the-OH-rich HA. The PEGs or viscogens
could potentially affect the dynamics of the enzyme
substrate interactions or hinder conformational changes in
the enzyme needed to translocate the HA chain. The

viscogens may have a greater effect on the rate of enzyme 12.

binding to substrate, whereas the PEGs may preferentially
affect the HA translocation process. Unfortunately, since
there are presently no assays available to assess the six13
individual, “partial” reactions in the overall synthase reaction,

we cannot yet test these possibilities.

An interesting result in the present study was that the
phospholipid requirement for seHAS activity is very de-
pendent on fatty acyl composition. Earlier resul&8)(
showed that purified seHAS, which has little endogenous
lipid, has very low activity, but the enzyme is activated by
exogenous CL, phosphatidic acid, or phosphatidylserine. This
stimulatory effect was specific, since seven other lipids tested
were either unable or poorly able to activate the enzyme.
Here we tested the effect of two synthetic CLs, each made
with a different type of fatty acyl chain. Purified seHAS was
highly activated by CL containing only C189) fatty acids
(oleic acid), whereas it was essentially inactive in the
presence of CL containing only C14 fatty acids (myristic
acid). This intriguing observation indicates that the fatty acid
composition of the associated lipids is critical for one or more
seHAS functions. Future studies will be needed to determine
the structural requirements of activating fatty acids and to
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