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ABSTRACT. The 3,6-dideoxyhexoses can be found in the cell wall lipopolysaccharide of Gram-negative
bacteria, where they have been shown to be the dominant antigenic determinants. All naturally occurring
3,6-dideoxyhexoses, with colitose as the only exception, are biosynthesized via a complex pathway that
begins with CDPa-glucose. Included in this pathway is CDP-paratose synthase, an essential enzyme in
the formation of the 3,6-dideoxy sugars, CDP-paratose and CDP-tyvelose. Recently, the gene encoding
CDP-paratose synthase Balmonella typhirfbS has been identified and sequenced [Verma, N., and
Reeves, P. (1989). Bacteriol 171, 5694-5701]. On the basis of this information, we have amplified

the rfbS gene by polymerase chain reaction (PCR) fr8ntyphiand cloned this gene into a pET-24)(

vector. Expression and purification of CDP-paratose synthase have allowed us to fully characterize the
catalytic properties of this enzyme, which is a homodimeric protein with a preference for NADPH over
NADH. It catalyzes the stereospecific hydride transfer of gh@Shydrogen from the C-4position of

the reduced coenzyme to C-4 of the substrate, CDP-3,6-dideatyeercp-glycero4-hexulose. The
overall equilibrium of this catalysis greatly favors the formation of the reduced sugar product and the
oxidized coenzyme. Interestingly, this enzyme also exhibits a high affinity for NADPH with a much
smaller dissociation constar;{) of 0.005+ 0.0024M compared to th&,, of 26 + 8 uM for NADPH.

While this unusual property complicated the interpretation of the kinetic data, the kinetic mechanism of
CDP-paratose synthase as explored by the combination of bisubstrate kinetic analysis, product inhibition
studies, and dead-end competitive inhibition studies is most consistent with a Th&@jratice mechanism.

The present study on CDP-paratose synthase, a likely new member of the short-chain dehydrogenase
family, represents the first detailed characterization of this type of ketohexose reductase, many of which
may share similar properties with CDP-paratose synthase.

Deoxy sugars with a variety of intriguing biological the outer membrane of Gram-negative bactediag). It
activities are found ubiquitously in natur&é<3). These has been shown that the immunological specificities of
unusual carbohydrates are derived from common sugars bydifferent Gram-negative strains are mainly determined by
the replacement of one or more hydroxyl groups with the sugars found at the nonreducing end of the O-antigen
hydrogens, and such a substitution generally causes arepeat units where 3,6-dideoxy sugars usually resiee).
fundamental change in their characteristics and metabolism.Thus, 3,6-dideoxy sugars have been referred to as immun-
The conversion of ribonucleotide to 2-deoxyribonucleotide odominant sugars or antigenic determinants in bacteria. Out
is a well-documented example; however, a more infrequent of the eight possible stereocisomers of 3,6-dideoxyhexoses,
occurrence is that of the 3,6-dideoxyhexoses. These distinc-only five have been detected in nature, all in the family of
tive sugars are commonly an important constituent of the Enterobacteriaceaé7, 9).

O-antigen of lipopolysaccharides (LPSsyhich are part of Inspired by their limited occurrence in nature and their
important immunological activities, substantial efforts have
been devoted to exploring the biosynthesis of 3,6-dideoxy-
hexoses10—16). Four out of the five naturally occurring
3,6-dideoxy sugarsabequose, ascarylose, paratose, and
tyvelose—are derived from CDR-glucose ) as shown in
Scheme 1, while the fifth, colitose, arises from GBP-
mannose X7). Although the precursors of these dideoxy
sugars have been well defined and possible routes for their
formation have been postulated, the only pathway that has
been studied in detail at the enzymatic level is that of CDP-
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PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain
reaction; SDS, sodium dodecyl sulfate; UV, ultraviolet; GCG, Genetics
Computer Group, Inc.

ascarylosel6). This complex biosynthetic pathway begins
with the coupling of glucose 1-phosphat®) with CTP
catalyzed by-glucose-1-phosphate cytidylyltransferasg) (E
to give CDPp-glucose R) (18). This is followed by an
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Scheme 1 EXPERIMENTAL PROCEDURES

Fod General. Protein concentrations were determined by the

HO HO Me
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Hgo&% cre HOo 0 NAD HO&": procedure of Bradford34) using bovine serum albumin as
HO | _ HO HO the standard. The NMR spectra were acquired on a Varian

1 ores 2 ocor 3 0P Unity 300 spectrometer, and all UV spectra were taken on
E, H PMP a Beckman DU650 spectrophotometer. Fluorometric experi-
H‘+ Me ments were performed on a Perkin-Elmer LS50B spectro-
Meﬂ?\OCDP vﬁ NADH fluorometer. N-Terminal sequencing of purified CDP-
0 Py~ paratose synthase was carried out by the University of
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HOOCDP Minnesota Microchemical Facility in the Institute of Human

‘ T Genetics.
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NAD®H \ymhmc 5S) Aym/w (b)) Salmonella typhi Genomic DNA Isolatiorf.he bacterial

Ered
(ascF)
strainS. typhi(ATCC no. 19430) was purchased from ATCC
Me (Bethesda, MD). Cells from an overnight liquid culture (3%

M
How ocpr vﬁ tryptic soy broth, w/v) were harvested by centrifugation at
OH
5

=
h-]

oCDP © ocpp 4000y for 10 min at 4°C. The cells were resuspended in
l TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.5) and
CDP-tyvelose incubated with 1% SDS and 1 mg of proteinase KXd at
epimerase 37 °C. To this solution were added NaCl and a 10% wi/v
] solution of CTAB/NaCI (cetylhexadecyltrimethylammonium
Me Og bromide in 0.7 M NaCl) to give a final concentration of 760
Ho mM and 1%, respectively. The resulting mixture was
g OCDP incubated at 65C for 20 min and was then extracted with
an equal volume of chloroform/isoamyl alcohol (24:1). After
intramolecular oxidatiorreduction catalyzed by NAD centrifugation at 600§for 10 min, the viscous aqueous phase
dependent CDB-glucose 4,6-dehydratase,g=19, 20. The was collected and incubated with DNase-free RNase (2 units/
resulting product, CDP-6-deoxy-glyceroL-threo-4-hexu- ML of original culture) for 30 min at 37C. Another
lose @), is then converted to CDP-3,6-dideoryglycero- chloroform/isoamyl alcohol extraction was performed, fol-
D-g|ycer04-hexu|ose4) in two consecutive Steps mediated lowed by extraction with phenOI/ChlorOform/isoamyl alcohol
by CDP-6-deoxys-glyceroL-threo-4-hexulose-3-dehydrase  (25:24:1). The aqueous phase was collected, and 2-propanol
(E1) (12, 21-24) and E reductase (5 (13, 25-29). was then used to precipitate the DNA. The DNA pellet,
Compound4 is the common precursor of all four dideoxy collected by centrifugation, was washed with cold 70%
sugars that originate from glucose 1-phospha®.( Sub- ethanol and resuspended in TE buffer. The concentration
sequent production of CDP-ascarylo& fequires an epi-  0f DNA was determined by measuring tieeo (1 OD at
merase and a reductas?d), while CDP-abequosesf and 260 nm= 50 ug/mL for double-stranded DNA), and the
CDP-paratose7] are each formed from by a stereospecific ~ Purity was assessed on the basis of Aag/Azso ratio.

reduction. The intermediacy of CDP-paratos® in the Gene Amplification and CloningThe sequence of th#hS
biosynthesis of CDP-tyvelos8)(has been established in both gene inS. typhihas been reporte®%), and this information
Yersinia(formerly know asPasturelld andSalmonellg30— allowed the design of oligonucleotide primers complementary

32). Thus, tyvelose is unique in that it is derived from to the sequence at each end of the gene. The start primer,
another 3,6-dideoxyhexose, and the conversion is accom-5-CGCGUGAATTC AGGAGGAAATTTAAAATGAAAA-
plished by an epimeraséf). TTCTAATAATGG-3', contained &cadRl restriction site (in

In this paper, we present the overexpression, purification, bold), an Escherichia coliribosome binding sequence, a
and characterization of CDP-paratose synthase, which con-TA-rich region, and the codons for the first six amino acid
verts 4 to CDP-paratose7j. As mentioned above, this residues of the desired enzyme. The halt primér, 5
enzyme is essential not only for the production of CDP- GCGCAAGCTT TCATTTCCCTTCCTC-3, introduced a
paratose but also for the biosynthesis of CDP-tyvel&e (  Hindlll restriction site (in bold) immediately downstream
Currently, the biochemical information on this type of from therfobSgene stop codon. These primers were used to
hexulose reductase is scarce. Our investigations includedamplify the rfbS gene from the genomi€. typhiDNA by
various inhibition studies, which indicated that CDP-paratose PCR @35). The PCR-amplified DNA fragment was purified,
synthase follows a TheorellChance mechanism, an ordered digested withEcdRl andHindlIl, and ligated into thé&ecaRl/
mechanism with product release as its rate-limiting step. This Hindlll sites of the transcription vector, pET-24Novagen)
is analogous to the catalysis of many dehydrogenases thato give pTHS-3. This recombinant plasmid was isolated and
also follow ordered mechanisms and often have coenzymewas used to transforii. coliHB101. Positive clones were
release as their rate-limiting step3j. Interestingly, our re- identified by digestion of the plasmid DNA witicoRI and
sults show that the enzyme has a strong affinity for NADPH Hindlll and visualization of the excised insert by staining
with aKj, much lower than th&,, for this same cosubstrate, an agarose gel of the DNA with ethidium bromide after
and the overall equilibrium greatly favors the formation of electrophoresis. The plasmid DNA from positive clones was
the reduced sugar product. Since CDP-paratose synthase igsed to transfornk. coliBL21(DE3). The general methods
likely to be prototypical for hexulose reductases, these prop- and protocols for recombinant DNA manipulations were as
erties may also be characteristic for this class of enzymes.described by Sambrook et aBf).
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DNA SequencingNucleotide sequencing of t#bS gene mM Tris-HCI buffer, pH 7.5) and B (A plus 500 mM NaCl).
by the dideoxy chain termination metho87} was carried The elution profile was initiated with 0% B from 0 to 5 min,
out directly on double-stranded DNA using commercially followed by a linear gradient of 30% to 60% B from 5 to 28
available M13 forward and reverse primers and several min, and concluded with a 5-min wash at 100% B. The
synthetic primers matching the gene’s internal sequence. flow rate was 3 mL/min. The active fractions were pooled,
Polyacrylamide Gel Electrophoresisthe level of expres-  concentrated by ultrafiltration as before, desalted using 20
sion and the solubility of the gene product and its relative mM Tris-HCI buffer (pH 7.5), and stored at80 °C.
abundance in the crude protein extract were assessed by Molecular Mass Determination.The native molecular
SDS—polyacrylamide gel electrophoresis. Electrophoresis mass of CDP-paratose synthase was determined by gel filtra-
was carried out in the discontinuous buffer system of tion performed on a Pharmacia FPLC Superdex 200 HR 10/
Laemmli 38), and the separating gel and stacking gel were 30 column with 10 mM Tris-HCI buffer (pH 7.5) at a flow
12% and 4% polyacrylamide, respectively. Prior to elec- rate of 1 mL/min. The column was calibrated with protein
trophoresis, protein samples were heated in 62.5 mM Tris- standards (Sigma)3-amylase (200 kDa), bovine serum albu-
HCI buffer (pH 6.8) containing 10% glycerol, 2% SDS, 5% min (66 kDa), carbonic anhydrase (29 kDa), and cytochrome
B-mercaptoethanol, and 0.0025% bromophenol blue. Elec-c (12 kDa). The data were analyzed by the method of
trophoresis of the heated samples was run in 25 mM Tris- Andrews @0). The subunit molecular mass was estimated
HCI, 192 mM glycine, and 0.1% SDS (pH 8.3) at 25 mA. by SDS-PAGE as described by LaemmiBg). Protein
Gels were stained with Coomassie bld8)(and destained  standards included-lactalbumin (14 kDa), trypsin inhibitor
with acetic acid/ethanol/water (15:20:165 by volume). (20 kDa), trypsinogen (24 kDa), carbonic anhydrase (29
Growth of E. coli (pTHS-3) CellsAn overnight culture kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa),
of E. coliBL21(DE3)/pTHS-3, grown in LuriaBertani (LB) egg albumin (45 kDa), and bovine serum albumin (66 kDa).
medium supplemented with kanamycin (38§/mL) at 37 Enzyme Assay.CDP-paratose synthase activity was
°C, was diluted wit 2 L (0.1% v/v) of the same medium determined spectrophotometrically by following the con-
and incubated at 37C until the OQy reached 0.5. The  sumption of NADPH at 340 nmegso = 6220 M1 cm™3).
culture was cooled to room temperature and induced with The standard assay solution contained G25f 200 mM
0.08 mM IPTG, after which the incubation was continued potassium phosphate buffer, pH 7.0, 381 NADPH, 150
for an additional 15 h at 28C. The cells were harvested uM CDP-3,6-dideoxys-glycerop-glycera4-hexulose 4),
by centrifugation (660g, 30 min), washed with 250 mL of and an appropriate amount of enzymeO(1 ug). The
50 mM potassium phosphate buffer containing 0.4 M NaCl, cuvette containing the assay mixture was thermostated at 25
pH 7.5, collected again by centrifugation (66030 min), °C, and the reaction was initiated by the addition gfl.50f
and stored at-20 °C. The typical yield wa 5 g of wet enzyme solution. One unit of enzyme activity is defined as
cells per liter of culture. the consumption of kmol of NADPH per minute under
Enzyme Purification.The purification was carried out at  the assay conditions, and specific activities are reported as
4 °C, except for the FPLC step, which was run at room units per milligram of protein. For the kinetic analysis, pure
temperature. enzyme was diluted to 2g/mL with 200 mM potassium
Step 1: Crude Extract.Thawed cells were resuspended phosphate buffer, pH 7.0, supplemented with 0.5% BSA.
in 100 mL of 20 mM Tris-HCI buffer, pH 7.5, and disrupted Inhibition kinetics were performed by using the same assay
by sonication in five 40-s bursts with a 1-min cooling period conditions with addition of the appropriate inhibitor. It
between each blast. Cell debris was removed by centrifuga-should be pointed out that over time the CDP-3,6-dideoxy-
tion (1400@, 30 min), and the supernatant was treated with p-glycerap-glycera4-hexulose slowly decomposes by cleav-
solid ammonium sulfate added portionwise p%éh to 75% age of the diphosphate bond. Therefore, the actual concen-
saturation. This cloudy solution was stirred for an additional tration of the sugar substrate used in the kinetic experiments
hour, and the precipitated proteins were collected by was determined by HPLC using the procedure described
centrifugation (12006, 20 min). The sedimented proteins below for the synthesis of CDP-3,6-dideomyglycerop-
were resuspended in 40 mL of 20 mM Tris-HCI buffer, pH glycera4-[4-*Clhexulose 4).
7.5, and dialyzed again® L of thesame buffer fo4 h with Synthesis of CDP-3,6-dideoryglycerop-glycero-4-hexu-
3 changes of buffer. lose @). The substrate for CDP-paratose synthase was pre-
Step 2: DEAE-Sepharose CL6B Chromatograpfiyne pared from glucose 1-phosphatB (using enzymes previ-
dialysate from step 1 was loaded onto a column of DEAE- ously overexpressed and purified in our laboratdr§, (24,
Sepharose CL6B (2.5 20 cm) preequilibrated with 20 MM 27). The 2-mL incubation mixture contained 1aénhol of
Tris-HCI buffer, pH 7.5. After loading, the column was glucose 1-phosphate, @Gnol of CTP, 20umol of MgCl,,
washed with 50 mL of the same buffer, followed by elution 140 units ofa-b-glucose-1-phosphate cytidylyltransferase
with a linear gradient of NaCl from 0 to 0.3 M in 20 mM  (E;), 370 units of CDPs-glucose 4,6-dehydrataseqf and
Tris-HCI buffer, pH 7.5 (1 L total volume). The flow rate 20 mM Tris-HCI buffer (pH 7.5). The reaction was incu-
was 1.4 mL/min, and 13-mL fractions were collected during bated for 2.5 h at room temperature, and the yield of the
the gradient elution. The active fractions were pooled, product, CDP-6-deoxp-glyceroL-threo-4-hexulose ), was
concentrated by ultrafiltration on an Amicon concentrator determined spectrophotometrically at 320 nm under alkaline
using a YM 10 membrane (Amicon), and desalted using 20 conditions (2). The E, and Eq proteins were removed with
mM Tris-HCI buffer, pH 7.5. a Centricon 10 microconcentrator (Amicon), and the filtrate
Step 3: FPLC MonoQ Chromatographylhe enzyme was incubated with 7@mol of NADH, 1.8 units of CDP-
solution from step 2 was further purified by FPLC with a 6-deoxyp-glyceraL-threo-4-hexulose 3-dehydrase;jEand
MonoQ HR (10/10) column using solvent systems A (20 50 units of & reductase (g for 2 h atroom temperature.
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The B and B proteins were removed with a Centricon 10 H NMR (D,0, 300 MHz)d 7.85 (1H, d,J = 7.6 Hz, cyti-
microconcentrator, and the hexulose proddtias purified dine H-6), 5.99 (1H, d)J = 7.6 Hz, cytidine H-5), 5.82 (1H,

by a FPLC MonoQ HR (10/10) column using a gradient with d, J = 4.0 Hz, cytidine H-1), 5.30 (1H, dd,J = 3.2, 6.7 Hz,
water as solvent A and 500 mM NHCO; as solvent B. H-1), 4.22-4.02 (5H, m, cytidine H-2 3, 4, 5), 3.68—
The elution profile began with 0% B for 5 min, a linear 3.59 (2H, m, H-2, 5), 3.20 (1H, ddd,= 4.6, 11.5, 11.5 Hz,
gradient from O to 35% B from 5 to 35 min, and a final H-4), 1.97 (1H, dddJ= 4.4, 4.4, 10.1 Hz, H-3), 1.58 (1H,
wash with 100% B for 5 min. The purified CDP-3,6- ddd,J= 11.7, 11.7, 10.2 Hz, H»3, 1.06 (3H, d,J = 6.2
dideoxyb-glycerop-glycerc4-hexulose4) was lyophilized Hz, 5-Me).

and stored at-20°C. The yield was 3xmol (44%). Since Preparation of Stereospecifically Deuterated NADhe

the keto form of this compound is in equilibrium with its (4R)-[4-°H]NADH sample was prepared with NAD [?Hg]-
hydrate form at a ratio of 1:2, two sets of signals for the ethanol, and yeast alcohol dehydrogenag®, @42. The
hexulose part are discernible in thé NMR spectrum. *H labeled coenzyme was purified on a DEAE-Sepharose CL6B
NMR (D20, 300 MHz)6 7.77 (1H, d,J = 7.6 Hz; cytidine column using a linear gradient of 0 to 0.2 M (MCOs.
H-6), 5.93 (1H, dJ = 7.6 Hz, cytidine H-5), 5.77 (1H, d and fractions withAxsd/Ass0 < 2.4 were pooled and lyoph-

= 3.9 Hz, cytidine H-1), 4.0-4.3 (5H, m, cytidine H-2 3, ilized. The (4)-[4-°H]NADH sample was prepared with
4, 5), 5,50 (1H, dd,J = 6.6, 3.3 Hz, H-1 of keto form), = NAD™, DTT, lipoamide, and lipoamide dehydrogenase in
5.31 (1H, dd,J = 6.6, 3.3 Hz, H-1 of hydrate form), 4.35 2H,0, pD 8.5 @3), and purified as before by DEAE-
(1H, q,J = 6.5 Hz, H-5 of keto form), 4.02 (1H, m, H-2 of = Sepharose chromatography. NMR analysis of both products
keto form), 3.80 (1H, gJ = 6.3 Hz, H-5 of hydrate form),  validated the chirality and also confirmed greater than 95%
3.69 (1H, m, H-2 of hydrate form), 2.60 (2H, broadJd= deuteration by comparing the peak integrals of H-2 and H-4
7.8 Hz, H-3 of keto form), 1.93 (1H, dd,= 12.4, 4.8 Hz, at o 6.98 and 2.80, respectively.

H-3¢q of hydrate form), 1.78 (1H, t) = 12.4 Hz, H-3, of Determination of Stereospecificity of Hydride Transfer
hydrate form), 1.04 (3H, dl = 6.5 Hz, 5-Me of keto form), from NADH? The prepared ®)- and (4)-[4-2H]NADH
0.95 (3H, d,J = 6.3 Hz, 5-Me of hydrate form). were each incubated with CDP-paratose synthase and CDP-

Synthesis of CDP-3,6-dideoxyglycerop-glycero-4-[4- 3,6-dideoxyp-glycerop-glycera4-hexulose4). The 1-mL
13Clhexulose 4). The 443C-labeled substrate for CDP- incubation mixture contained/mol of labeled NADH, 10
paratose synthase was enzymatically synthesized br{dn umol of sugar substrated), 1.8 mg (167 units) of CDP-
13Clglucose. The incubation mixture contained28ol of paratose synthase, and 50 mM potassium phosphate buffer,
D-[4-3C]glucose (Cambridge Isotope Laboratories)u@l pH 7.5. After incubation fo2 h atroom temperature, the
of MgSQy, 60umol of ATP, and 64 units of yeast hexokinase enzyme was removed with a Centricon 10 microconcentrator,
in 4 mL of 100 mM potassium phosphate buffer (pH 7.0). and the resulting NAD was purified using the same FPLC
After an incubation 61 h atroom temperature, 20mol of conditions as described above for the substrate purification.
MgCl,, 150 units of inorganic pyrophosphatase /@tol of The purified NAD" was lyophilized, redissolved itH,0,
CTP, 0.9umol of glucose 1,6-bisphosphate, 100 units of and analyzed byH NMR.
chicken phosphoglucomutase, and 85 unitsgof&re added, Equilibrium Constant. The K¢q equilibrium constant was
and incubation was continuedrf@ h at 30°C. To this calculated from eq 1. Three separate incubations containing
mixture was then added 370 units ofyFand incubation was  different quantities of both products (1081 CDP-paratose
allowed to proceed for anoth2 h atroom temperature. After ~ with 860uM NADP*, 213uM CDP-paratose with 844M
the proteins were removed with a Centricon 10 microcon- NADP*, and 205«M CDP-paratose with 1630M NADP)
centrator (Amicon), the filtrate was mixed with 1#8nol of in potassium phosphate buffer (pH 8.0) were initiated with
NADH, 0.9 units of i, and 28 units of Eand incubated 45 ug of CDP-paratose synthase. Reactions were carried
for 2 h atroom temperature. At the end of the incubation, out at 25°C and were monitored by the production of
all proteins were removed with a Centricon 10 microcon- NADPH at 340 nm. The reaction was considered at
centrator, and the sugar product was purified by HPLC with equilibrium when the absorbance at 340 nm reached a
a Spherisorb S5 SAX semiprep column (k@5 cm) using plateau. The net change in absorption at 340 nm was used
a solvent system with water as solvent A and 400 mM to calculate the concentration of each substrate and product,
potassium phosphate (pH 4.0) as solvent B. The elution assuming a 1:1 stoichiometry for the production of NADPH
followed a profile of 6-10% B from 0 to 5 min and a linear  and the consumption of CDP-paratose. The repokgd
gradient of 10 to 50% B from 5 to 35 min. The column value was obtained by averaging these three measurements.
was then washed with 100% B for 5 min. The flow rate

was 2.5 mL/min, and the absorbance was recorded at 270 . [NADP+][CDP-paratose]
i i Keq= (1)
nm. The purified sample was lyophilized and stored-20 eq [NADPH][4][H +]
°C. The overall yield was 22%.
Production and Characterization of CDP-paratoss).( Determination of Kinetic ParametersAssays were carried
CDP-3,6-dideoxys-glycerep-glycera4-hexulose4, 15umol) out as described above. The kinetic measurements were

prepared earlier was incubated with Aol of NADH and analyzed by fitting the data to either of two equations for
1 unit of CDP-paratose synthase for 30 min at room temper-
ature to produce CDP-paratos@).( The conversion was 2 The determination of the stereospecificity of hydride transfer from
nearly quantitative on the basis BA-NMR analysis. The NADH was performed before it was known that CDP-paratose synthase
product was purified using the same FPLC conditions as Préfers NADPH by approximately 10-fold. The experiment was not
d ibed ab for th bstrat ificati The identit repeated with NADPH since the enzyme can use NADH in the catalysis,
escribed above for (he substrate purmcation. 1ne 16eNtty and the stereospecificity for the hydride transfer from NADPH is not

of CDP-paratose was confirmed B and COSY NMR. expected to differ from that of NADH.
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bimolecular reaction mechanisms using a nonlinear least- 1 2 3 4 5 6

squares program. Equation 2 is for a sequential mechanism
in which Kj, is the dissociation constant for substratekfa

is the Michaelis-Menten constant for substrate Ky is

the Michaelis-Menten constant for substrate B, akdis

the maximum rate. The equation for a ping-pong mechanism
is similar to eq 2, but without th&Ki;Kmg term in its
denominator.

B V[AB]
K Ks+ KyglA 4 K A[B] + [AB]]

ia’ “\mB

()

v

Slopes of HanesWoolf plots ([S]# vs [S]) were calcu-
lated by linear regression, and kinetic parametks Kme, FiGURE 1: SDS-PAGE gel showing the purification of CDP-
Kma, andV) were derived from replots of the slope against paratose synthase froB coli BL21(DE3)/pTHS-3 at each step.
the reciprocal of the substrate concentration. Initial velocities Lanes: 1, molecular weight markers (from top, bovine serum
were measured in duplicate at several nonsaturating con-glb”m'”’ 66 kDa; egg albumin, 45 kDa, glyceraldehyde-3-phosphate

. . e ehydrogenase, 36 kDa; carbonic anhydrase, 29 kDa; trypsinogen,
centrations of each substrate with each individual measure-o4 «pa; trypsin inhibitor, 20.1 kDay-lactalbumin, 14.2 kDa); 2,
ment plotted. The general approach to determining the cell-free extract; 3, ammonium sulfate precipitate resuspended and
kinetic mechanism is as described by Sedd).( dialyzed; 4, pooled DEAE-Sepharose fractions; 5, pooled MonoQ

Competitive inhibition data were analyzed using eq 3 fractions.
whereKy, is the Michaelis-Menten constant for the substrate
of interest andKjs is the slope inhibition constant. The
y-intercepts from Haneswoolf plots of the inhibition data
were replotted against the inhibitor concentration, and linear

regression was used to obtain the inhibition conskant

to fit v andx to the Adair-Klotz equation (eq 4)45, 46 to
determine the dissociation constaris, K,, and so on.

RESULTS

Cloning and Qerexpression of the rfbS Gendue to
the scarcity of CDP-paratose synthase in the wild-type
bacterial sources, we decided to pursue the construction of
an overexpression system for the synthase. The recently

Determination of NADPH Binding Affinity with CDP- reported sequence of thébS gene fromS. typhi (32
paratose Synthase.The affinity (Kq) of CDP-paratose facilitated the first step of this task. Primers corresponding
synthase for NADPH was determined by monitoring the to the sequence at thé &1d 3 ends of thafbS gene were
increase in the NADPH fluorescence upon binding with used to amplify this gene by PCR from the genomic DNA
CDP-paratose synthase. The excitation wavelength was setf S. typhi. Since a ribosomal binding site was part of the
at 360 nm, and the emission of fluorescence at 450 nm wasPCR start primer, the amplified insert was cloned directly

_ VIs]
" T KL (1K) + [S]

®3)

monitored, with both the excitation and emission slits set at into a transcription vector, pET-24{, which carries a T7/

5 nm. In each experiment, 2@ CDP-paratose synthase
(functional dimer) was used, while the NADPH concentration
was varied from O to 2aM. All measurements were carried
out at 25°C. A control without enzyme for the respective
NADPH solution used in each titration was also run to

lac promoter. The sequence of the insert in the recombinant
construct, pTHS-3, was verified by the Sanger meti&¥ (
to ensure that no misincorporation errors occurred during
amplification.

Purification and Characterization of CDP-paratose Syn-

estimate the fluorescence of the unbound NADPH so that thase. Induction of BL21(DE3) cells containing the pTHS-3
each of the measured values at 450 nm was corrected byconstruct with IPTG led to the overexpression of the desired

subtracting the contribution from unbound NADPH. From
the measured fluorescence intenditgt a given NADPH
concentration, the average numheof moles of NADPH
bound per mole of protein was deduced by usirg n(l —
1)/(Im — 1)), wheren represents the number of coenzyme
binding sites;l;, the initial fluorescence of the NADPH
control without enzyme; anldh,, the maximum fluorescence
when the NADPH concentration is saturating. The free
NADPH concentratiox (or [NADPH];) was estimated using

X = [NADPH]; — n[E]: in which [NADPH} and [E]

rfbSgene product. Unfortunately, the expressed protein was
obtained as mostly inclusion bodies. This expression system,
however, was fine-tuned for improved production of soluble
protein by cooling the cell culture to room temperature prior
to induction with a low level of IPTG (0.08 mM). As
illustrated by the SDSPAGE (Figure 1) and purification
summary (Table 1), 170 mg of nearly homogeneous protein
was obtained from 13 g of wet cells (2 L of culture) after
only two chromatographic steps. N-Terminal sequence
analysis confirmed that the first 10 amino acid residues (M-

represent the total NADPH and enzyme concentrations, K-I-L-I-M-G-A-F-G) of this protein are identical with the
respectively. A nonlinear least-squares procedure was usedranslatedfbS sequence. Its subunit molecular mass of 29

x 26,
K, ' KK, KKy K,
v= 2 - 4
X
L TR T TR K

kDa, revealed by SDSPAGE, correlates well to the
predicted value of 31 501 Da calculated from the deduced
amino acid sequence. A molecular mads of 55 kDa,
estimated by gel filtration, indicates that the native CDP-
paratose synthase exists as a homodimer. The electronic
absorption spectrum of the purified enzyme shows a maxi-
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Table 1: Purification of CDP-paratose Synthase frigntoli BL21(DE3)/pTHS-3

purification step total protei{mag) total activity (units) sp activity (units/mg) yield (%) purification (fold)
crude 1350 37 800 28 100 1
(NH4)2S0O; ppt 1350 32400 24 86 0.9
DEAE-Sepharose 605 28 800 48 76 1.7
MonoQ 170 15800 93 42 33

2 Determined using the Bradford dye-binding assay (Bio-Ra@pne unit= 1 umol NADPH consumption/min¢ Obtained from 13 g of wet
cells.

hydrate dioxane
standard
6-hyd
ketone
‘ 260 ‘ 1&0 16‘30 1‘40 ' 12‘0 ' 1(50 ’ 8IO 6;0
6-ket
1-ket
1-hyd
WWMWMJ'J ' M
W bt
8 7 6 5 4 3 2 1 ppm

Ficure 2: 1H NMR spectrum of CDP-3,6-dideoxy-glycerop-glycera4-hexulose 4). The signals corresponding to the hydrate and keto
forms of the H-1 and H-6 protons are labeled. The inset display$3eNMR spectrum of CDP-3,6-dideoxy-glycerop-glycero4-
hexulose enriched with*C at the C-4 position of the hexose.

mum at 280 nm. Since there is no absorbance above 300scheme 2

nm, this enzyme does not contain bound cofactor(s) such as HO
cytochrome, flavin, or pyrroloquinoline quinone, which have o _Me o Me o
been found in some bacterial alcohol dehydrogena&as ( — HO

The concentrated CDP-paratose synthase can endure several HO b HO [ oo

freeze/thaw cycles before beginning to precipitate out of
solution. When stored at80 °C, the enzyme maintains its
activity for at least 1 year. However, the synthase is very are 4 and its corresponding hydrate forr) ((Scheme 2).
unstable at low protein concentration. Hence, when diluted To verify this possibility, compound enriched with'3C at
samples were used for kinetic studies, the enzyme wasC-4 was prepared from-[4-13C]glucose. As expected, the
stabilized by the addition of 0.5% BSA. labeled4 exists in solution as two distinct forms on the basis
Synthesis and Characterization of the CDP-paratose of the two3C NMR signals at 210 and 92 ppm (Figure 2,
Synthase Substratel'he enzymatic synthesis of the substrate, inset). The chemical shifts of these two peaks are charac-
CDP-3,6-dideoxye-glycerop-glycera4-hexulose4), from teristic for a keto (in hexulose form) and a ketal carbon (in
glucose 1l-phosphatd)(followed an established sequence hydrate form), respectively. Judging from the intensity of
(48), and the required enzymes were purified from the the signals, it is clear that the hydrate forf) {s the domi-
overproducing strains previously constructed in our lab. nant species of this mixture. The assignment of the corre-
Interestingly, the'H NMR spectrum of the highly purified  sponding proton signals of these two species inth&lMR
4 exhibits two sets of signals for the hexulose moiety, which spectrum was facilited by COSY analysis. It was noted that
are particularly apparent for the two C-5 methyl doublets at there is a fairly rapid exchange of the C-3 protons resulting
0 0.95 and 1.04 and the two anomeric proton resonances ain deuterium incorporation at the equatorial position when
0 5.31 and 5.50 (Figure 2). Such a doubling NMR pattern 4 is dissolved in RO. These findings are in agreement with
is indicative of the presence of two distinct forms of this the results reported by Gould and Gut) for a cytosine
compound in solution, and a comparison of the integration glycoside having a similar 4-hexulose skeleton. The prefer-
of the two C-5 methyl doublets revealed a ratio of 2:1 for ence for exchange of the equatorial hydrogen at C-3 can be
these two species. Since the keto group of a hexulose carrationalized by considering the structure of the resulting enol-
be hydrated, it is likely that these two species in equilibrium ate, whose bottom side is hindered by the axial CDP group.
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Isolation and Characterization of the CDP-paratose Syn-
thase Product. The reaction product of CDP-paratose
synthase was purified by FPLC and confirmed to be CDP-
paratose {) by *H NMR. Since the product is not a
hexulose, the existence of a ketlydrate mixture is no
longer an issue. This enzymatic conversion is nearly
quantitative.

Stereospecificity of Hydride Transfer from NADH he
stereochemical course of the hydride transfer step was probed
using stereospecifically labeled NADH. The enantiomeric
purity of each labeled sample was estimated to be greater : . . .
than 95% byH NMR. The oxidized NAD generated 0 30 100 150 200
during the reaction was isolated and also analyzedtby (NADPH] (uM)

NMR. It was found that the signal for H-4 at8.65 was Ficure 3: Hanes-Woolf plot of the initial velocities of CDP-
; ; ; : : ; paratose synthase (0.028) as a function of [NADPH]. Experiments
retained in the NAD species derived from incubation of were carried out in 200 mM potassium phosphate buffer, pH 7.0,

(49)-[4-°HINADH, indicating the transfer of thepro-S ¢ 25:C as described under Experimental Procedures. The NADPH
deuterium. On the contrary, incubation withR}4[4-2H]- concentration was varied from 10 to 1%M at fixed levels of

NADH resulted in retention of the deuterium on the CDP-3,6-dideoxys-glycerop-glycero4-hexulose4). The concen-
nicotinamide ring, since th&8.65 signal was absent. Thus, trations of4 were 290 ), 200 (), 100 @), and S0uM (#).
the stereochemical preference of this enzyme with regard to
the transfer of one of the diastereotopic methylene hydrogensraple 2: Product and Dead-End Inhibition Studies
at C-4 of the dihydronicotinamide ring was established to
be pro-S stereospecific.

S = N WL RN

'
—_

[NADPH]/v (u M/pumole min’! mg’l)

varied substrate

Equilibrium Constant. The reaction catalyzed by CDP- inhibitor NADPH 4
paratose synthase is a reversible process, but the calculated NADP competitive uncompetitive/
Keq Of 1.6 x 10" M~ at pH 8.0 indicates that the overall 5 oo uncompetitive/ Comg(eetﬂi%pe
equilibrium strongly favors the reduction of CDP-3,6- mixed type
dideoxyb-glycerop-glycero4-hexulose 4). Due to such adenosine triphosphate  competitive uncompetitive/
a strong preference for the reduced product, establishment _ ribosé y mixed type
of the equilibrium was initiated by using a mixture which PP ””m%%ett)'fg’ee/ competitive

contained only CDP-paratose and NADPThis approach
enabled a more accurate determination of the NADPH
concentration since the contribution of absorbance at 340
nm by the strong absorbance of large concentrations of petitive inhibitor with respect to CDP-3,6-dideoryglycerc
NADP* at 280 nm was easier to subtract. Also, a pH of b-glycero4-hexulose (568300 «M) and is a competitive
8.0 was used for these reactions since this increased the finainhibitor for NADPH (20 to 12QuM). CDP-paratose (180
concentration of substrate4 ind NADPH) and gave more 360 M) displays competitive inhibition against CDP-3,6-
reliable values for these concentrations. Therefore, the actualdideoxyb-glycerop-glycera4-hexulose and mixed type or
equilibrium constant for a pH of 7 would be even larger. uncompetitive inhibition with respect to NADPH. The
Kinetic Properties. During the development of the activity  effects of competitive dead-end inhibitors were also explored.
assay, optimum CDP-paratose synthase activity was observedidenosine triphosphate ribose (7840uM) is a competitive
when the buffer used was potassium phosphate at pH 7.0inhibitor with respect to NADPH (16140 «M) and either
and at 200 mM ionic strength. In addition, the synthase an uncompetitive or a mixed type inhibitor with respect to
exhibits a much sharper reduction in activity in slightly acidic CDP-3,6-dideoxys-glycerop-glycera4-hexulose (56410
rather than alkaline conditions. The preference for NADPH uM). CDP (207415 uM) is a competitive inhibitor with
over NADH by a factor of approximately 10 was also respectto CDP-3,6-dideoxy-glycerop-glycera4-hexulose
established on the basis of initial velocity rates. and either an uncompetitive or a mixed type inhibitor with
Under the above optimal conditions, tHg, values were respect to NADPH (Table 2). It was difficult to differentiate
determined to be 26 8 uM for NADPH and 255+ 20uM between uncompetitive and mixed type inhibition since the

aProduct inhibitors? Dead-end inhibitors.

for CDP-3,6-dideoxye-glycerap-glycero4-hexulose 4), lines in the HanesWoolf plots could be interpreted as
and theVma was 190+ 20 umol min~! mg. Hanes- converging on or just to the left of theaxis (see Figures 4
Woolf plots of initial velocities either as a function of and 5).

NADPH concentration (18150 M) at several levels of Determination of l§ for NADPH Figure 6 shows the

CDP-3,6-dideoxys-glycerap-glycero4-hexulose concentra-  fluorescence enhancement of NADPH upon binding to the

tion (50-290uM) or as a function of CDP-3,6-dideoxy- enzyme at various NADPH concentrations. A valuecf

glycerop-glycera4-hexulose concentration at several levels 2 provides the best fit of the data to the Adalitlotz equation

of NADPH concentration yielded lines which converged on (eq 4). The two dissociation constanks, andK,, derived

or near they-axis (Figure 3). from these data are 0.00% 0.002 and 12+ 1 uM,
Product and Dead-End Inhibition Studie§ o elucidate respectively. These results reveal the existence of two

the kinetic mechanism of this enzyme, the effects of product cofactor binding sites per enzyme dimer where the affinity

inhibition on the catalysis were investigated. Our results for binding of the first NADPH appears to be over 1000

indicate that NADP (280 «M) is a mixed type or uncom- times greater than for binding of the second NADPH.
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Ficure 4: Hanes-Woolf plot of the dead-end inhibition of CDP-
paratose synthase (0.2§) with CDP as a function of [NADPH].
Reactions were performed in 200 potassium phosphate buffer,
pH 7.0, at 25°C as described under Experimental Procedures. The
NADPH concentration was varied between 10 and ZNDin the

Ficure 6: Determination of dissociation constants of NADPH
based on its increased fluorescence at 450 nm upon binding with
CDP-paratose synthase (2®1 in 200 mM potassium phosphate
buffer, pH 7.0). The inset shows the plotwf= n(l — L;)/(Im — 1i),
wheren represents the number of coenzyme binding siteshe
. initial fluorescence of the NADPH control without enzyme; and
ﬁgisuelggg '(I'):] e12%‘PMCO%Egr;?rg;g;]dse\?v)gg‘%ly(gggo'(i')gIg%‘g‘ﬁg Im, the maximum fluorescence when the NADPH concentration is
uM (O) ' ' ! infinite. The free NADPH concentratior (or [NADPH];) was

' estimated using = [NADPH]; — n[E];, in which [NADPH]} and
[E]: represent total NADPH concentration and enzyme concentra-
tion, respectively. The data were fit to the Adalflotz equation
(eq 4) using a nonlinear least squares procedure to determine the
dissociation constants.

oy
[
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Table 3: Effect of Various Inhibitors on Activity

[Sugar 4)//v (uM/umole min"! mg!)

6
inhibitor concn (MM) % activity

4 CMP 1 84
2 CDP 1 41

: CTP 1 78
0 ; ADP 1 78

; . . . . CDP-glucose?) 1 79
-100 0 100 200 300 400 500 3 0.5 59

[Sugar 4] (M)
FIGURE 5: Hanes-Woolf plot of the dead-end inhibition of CDP-  COnversion between alcohols and aldehydes or ketones. This
paratose synthase (0.QFy) with adenosine triphosphate ribose class of enzymes can be further divided into three sub-
(ATPr) as a function of [CDP-3,6-dideoxy-glyceroo-glycero4- groups: group |, zinc-dependent long-chain ADHs (contain-
hexulose] 4). Reactions were performed in 200M potassium  ing approximately 350 residues per subunit); group |1, short-

hosphate buffer, pH 7.0, at 28 as described under Experimental S - :
grocgdures. The c%ncentrationébfvas varied between 5% and 410 chain zinc-independent ADHSs (containing approximately 250

uM in the presence of 4#M NADPH. The ATPr concentrations ~ esidues per subunit); and group I, “iron-activated” ADHs
were 0 ©O), 73 (a), and 140uM (x). of subunit size about 385 residué&f). Besides the contrast

in the size of their subunits and their metal dependence, a
comparison of the long- and short-chain ADHs unveils a few
additional differences: the long-chain ADHs usually contain
the NAD(P) binding site (Rossman fold) near their C-termi-
nus, while this motif normally resides near the N-terminus
of the short-chain ADHSs; reduction by the long-chain ADHs
involves stereospecific transfer of theo-Rhydrogen from
C-4 of NAD(P)H to reduce the substrate, whereas the short-
chain ADHs transfer th@ro-S hydrogen during catalysis;
and the long-chain ADHs contain a catalytic zinc atom
believed to be essential for stabilization and orientation of
the substrate5(), whereas the short-chain ADHs use a con-
served Tyr and Lys to orient and activate the substi&ip (

Inhibitors of CDP-paratose Synthaselhe competence
of various nucleotides as inhibitors for CDP-paratose syn-
thase was tested. As shown in Table 3, CDP is the most
effective inhibitor among the nucleotides examined, and it
is competitive against the natural substratewith a Kis of
290+ 60 uM. In view of the Ky, value of 255uM for the
natural sugar substratd)( it is clear that the nucleotidyl
portion is the key structural feature essential for binding.
Interestingly, the substrate analogues, Gb§lucose 2) and
CDP-6-deoxye-glyceraL-threc-4-hexulose §), can inhibit
this enzyme, but their inhibition is less than that of CDP
alone. The latter compour8] which differs from the natural

substrate by an additional C-3 hydroxyl group, is also a CDP-paratose synthase is a dimeric protein with a small
substrate, albeit an inefficient one requiring 1000 times more Pe yntha : pr .
subunit size of 279 amino acids. Analysis of its sequence

enzyme to achieve a comparable rate. Perhaps the extra 14 :
hydroxyl at C-3 impedes the correct juxtaposition of the revealed the presence of the conser@MXXX K motif

L . : . ; .~ and a NAD(P) binding fold at its N-terminus, features that
Ir:ei);ozg er(I:rt]i?/ efn the active site, rendering hydride reduction are characteristic for short-chain ADHs. The stereochemical

preference for transferring thero-S hydrogen of NADH

DISCUSSION during catalysis further corroborates CDP-paratose synthase
The NAD(P)-dependent alcohol dehydrogenases (ADHs) as a member of the short-chain ADH family. It is worth

are an important type of oxidoreductase catalyzing the inter- mentioning that the substrate of CDP-paratose synthase,
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CDP-3,6-dideoxys-glycerap-glycero4-hexulose 4), can velocity data cannot be used to distinguish between a ping-
also be processed by CDP-abequose synthase (encoded byong mechanism and a sequential mechanism in this case.
rfbJ) (52), and a very similar compound, CDP-3,6-dideoxy- A similar phenomenon was also encountered in the product
D-glyceroL-glycero4-hexulose, is the substrate for CDP- inhibition studies where the Hane®Voolf plots failed to
3,6-dideoxyp-glyceraL-glycero4-hexulose reductase (en- distinguish between mixed type (lines intersect to the left of
coded byascH found in the ascarylose pathwaylgj. the y-axis) and uncompetitive (lines intersect on fhaxis)
Examination of thefbJ andascFsequences show that they, inhibition patterns. As shown in Table 2, our results are
too, contain the conserved Tyr and Lys residues and havemost consistent with either a TheorelLhance, a ping-pong,
the NAD(P) binding motif near their N-terminus. Similar or even a rapid equilibrium random bi-bi mechanism with
traits were also noted for another 4-keto sugar reductase,dead-end EAP and EBQ complexes, where Q and P represent
TDP-rhamnose synthetase from the rhamnose path®8y (  the products44). However, the presence of both EAP and
Our recent study of the latter enzyme revealed that the EBQ abortive complexes in a rapid equilibrium random bi-
hydride transfer from NADH igpro-S stereospecific (un-  bi system seems unlikely given the large equilibrium constant
published data). Thus, the available information suggests(Keq = 1.6 x 102 M™%, pH 8.0), favoring the product
that all 4-keto sugar reductase may be related to the short-formation. A ping-pong mechanism also appears unlikely
chain ADH family. since it is a double-displacement reaction involving formation
As a nicotinamide-dependent sugar reductase, CDP-of covalently modified enzyme or coenzyme as an interme-
paratose synthase displays a preference for NADP(H) overdiate, and the absorption spectra of CDP-paratose synthase
NAD(H). A recent study on the crystal structure of mouse do not indicate the presence of any hydride acceptors such
lung carbonyl reductase, a NADPH-dependent enzyme, as cytochrome, flavin, or pyrroloquinoline quinone which
showed that the 'Zohosphate of NADP(H) is anchored in  have been found in some bacterial alcohol dehydrogenases
the active site by forming hydrogen bonds with Thr-38 (47). Thus, the most likely candidate is the Theoré&lhance
through a water moleculés§). The significance of these mechanism, a special form of the ordered bi-bi mechanism
interactions was demonstrated by the mutation of Thr-38 to where the conversion to products and release of the first
an aspartate residue, which caused an approximately 1300product are very fast compared to release of the second
fold change in coenzyme specificity, reversing the preference product. In essence, this causes the concentration of the
for NADP(H) to NAD(H). Such a consequence has been central complexes to be negligible and, thereby, leads to
attributed mainly to the electrostatic repulsion between the different product inhibition patterns than expected for a
2'-phosphate of NADP(H) and the carboxylate group of the typical ordered bi bi mechanism.
aspartate. In a separate experiment, the importance of two A series of competitive dead-end inhibition experiments
positively charged residues, Lys-17 and Arg-39, in stabilizing were also performed, but Hane®oolf plots of the data
NADPH binding with mouse lung carbonyl reductase was always gave lines that intersected so close toythis that
also establishedbf). Since Thr-38 is conserved and three positive differentiation between uncompetitive and mixed
corresponding positively charged residues (Arg-15, Arg-41, type inhibition was difficult (Figures 4 and 5). If the reaction
and Arg-43) are present in CDP-paratose synthase, theproceeds by an ordered mechanism, an uncompetitive
observed preference for NADP(H) is thus consistent with inhibition pattern is predicted for the substrate that binds first
the prediction based on sequence alignment. Interestingly,in the reaction sequence. On the contrary, uncompetitive
the three aforementioned 4-keto sugar reductases all havenhibition in the presence of dead-end inhibitors is anticipated
an Asp-38 in their protein sequences; thus, these enzymedor both substrates in a ping-pong mechanism. Even though
are expected to show a preference for NAD(H) in their the outcome of the data analysis appears to be ambiguous,
catalysis. the presence of a smadfl, would, again, explain these re-
While the reaction catalyzed by CDP-paratose synthasesults.
is chemically straightforward, the interpretation of the kinetic  In view of the fact that most dehydrogenases bind the
mechanism for this enzyme is complicated by its high affinity nicotinamide coenzyme first, the possibility of a smigll
for NADPH. For example, analysis of the initial velocity for the binding of NADPH to CDP-paratose synthase was
data by HanesWoolf plots ([S]& vs [S]) gave lines that  investigated. On the basis of the enhancement of NADPH
converged on or very close to tlyeaxis (Figure 3). These fluorescence upon binding to the enzyme, CDP-paratose
results are consistent with either a ping-pong mechanism orsynthase was found to have two cofactor binding sites per
a sequential mechanism with a very sm&} (dissociation functional dimer, and the two dissociation constants for
constant for substrate A). In the case of sequential bimo- NADPH, K; andK,, are 0.005t 0.002 and 12+ 1 uM,
lecular reactions plotted in Hane®Voolf format, the point respectively. Interestingly, binding of the first NADPH
of intersection of the family of lines approaches thaxis exhibits a large negative cooperativity on the second binding
asKj, approaches zero, while for a ping-pong reaction, the event. Since th&, for NADPH was determined to be 26
intersection point is located on tlyeaxis. When initial rate 4 8 uM, this value is clearly much greater than a dissociation
equations for ordered sequential, random sequential, andconstant Kj,) of 0.005+ 0.002uM for NADPH. Such a
ping-pong mechanisms were fitted to the data as describedsmall value forK;, could explain all of our kinetic results
in Experimental Procedures, the dedu¢ggh and theKqg and, thus, provides compelling evidence supporting a Theo-
for the ordered sequential equation were nearly identical with rell—Chance mechanism for CDP-paratose synthase (Figure
those given by the ping-pong equation since the value 7). This mechanism is akin to those commonly encountered
obtained forKj; was not statistically different from zero. for the related dehydrogenase enzymes in which the nucle-
Therefore, the graphical analysis and the nonlinear least-otide binds first, and the release of the nucleotide coenzyme
squares analysis both led to the conclusion that the initial is the rate-limiting step33).
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Table 4: Binding Sequences and NAD(P) Dissociation Constants for Some Oxido/Reductases

Ko (M)
enzyme source binding sequefice NAD(P)* NAD(P)H
CDP-paratose synthase S typhi GAFGFLG ND 0.005
carbonyl reductase mouse lung GAGKGIG ND 158)(
lactate DH killifish VGVGAVG ND 8.5 65)
malate DH Thermus aquaticus GAAGQIG 20 (66) 9.5 (66)
polyhydroxynapthalene reductase Magnaporthe grisea GAGRGIG 38 67) 3167
glucose DH Bacillus subtilis GAASGLG 17100 68) ND
CDP-glucose 4,6-dehydratase Yersinia pseudotuberculosis GHTGFKG 0.040320) 0.00021 20)
UDP-glucose 4-epimerase E. coli GGAGYIG very tight 69)
a All sequences were obtained through GCG (Genetics Computer Group, Inc.).
NADPH Sugar4 CDP-paratose NADP’ binding affinity must await a thorough comparison of more
examples in this family.
In summary, the ketohexoses are important intermediates
in the biosynthesis of many unusual sugars, such as deoxy
E E*NADPH E sNADP* E sugars, branched-chain sugars, and amino sugars. The keto

FIGUEE 7 S(t?hé-‘matic repfesentalzion of the Theor@hance  mpjety in the precursors of these unusual sugars is catalyti-
mechanism of CDP-paratose synthase. cally pivotal since it can activate the hexose for further

A few other enzymes whose substrates have a skgall  modification. In the formation of branched-chain sugars,
relative to theK,, include flavonol 30-methyltransferase ~ Pranching is likely initiated by the abstraction of a proton

from Chrysosp]enium americanumith a Km/Kia of 23 for to the keto group to generate an enediol intermediate that is
S.adenosylz_methionine 66) and human g|utami¢_semi_ Susceptible to electl‘ophilic alkylation. Amino Sugars are
aldehyde dehydrogenase witliKa/Kia of 25 for NAD* (57). believed to be generated via transamination which also

Interestingly, theKi, for amikacin inE. coli kanamycin ~ requires a keto functional group in the sugar precursors.
acetyltransferase catalysis was determined to be indistin-Biosynthesis of the deoxy sugars commonly involves the
guishab|e from zero when amikacin was reacted with the formation of an essential keto intermediate after a dEhydra'
acetyl-CoA cosubstrat&®). Since CDP-paratose synthase tion step. As shown in Scheme 1, the same keto intermediate
has aKn/Kia of about 5000, it is clearly a rare case with an can be used in the production of several different deoxy
extremely highK/Ki, ratio. sugars. However, the structural diversity depends on the
It is worth mentioning that extensive structural work has €nzymes that can perform a stereospecific reduction, there-
established a consensus sequence for the ADP binding motiffore emphasizing the important role that each of these
known as the Rossmann fold, for nicotinamide-dependent €nzymes plays in the variation of deoxy sugars found in
enzymes §9—64). Although almost all short-chain ADHs ~ nature. This study on CDP-paratose synthase is the first
contain aGXXX GXG sequence, each of the 4-keto sugar €xample of a detailed characterization of this type of
reductases mentioned earlier haSXXGXXG sequence ketohexose reductase. Future investigations into these
for their NAD(P) binding sites. It has been postulated that €nzymes will establish whether CDP-paratose synthase is
the sequence variance within the Rossmann fold may affectPrototypical of this class of enzymes.
the binding affinity toward NAD(P)Z0). For example, study
of CDP--glucose 4,6-dehydratase.f; which catalyzesthe = REFERENCES
conversion of2 to 3 using NAD' as a prosthetic group,
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