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ABSTRACT. L-Colitose is a 3,6-dideoxyhexose found in the O-antigen of Gram-negative lipopolysaccharides.
To study the biosynthesis of this unusual sugar, we have cloned and sequencedlitase biosynthetic

gene cluster fronYersinia pseudotuberculosigl. The colD andcolC genes in this cluster have been
overexpressed and each gene product has been purified and characterized. Our results showed that ColD
functions as GDP-4-keto-6-deoxymannose-3-dehydrase responsible for C-3 deoxygenation of GDP-
4-keto-6-deoxye-mannose. This enzyme is coenzymgdgpendent and its catalysis is initiated by a
transamination step in which pyridoxal-phosphate (PLP) is converted to pyridoxamirigobosphate
(PMP) in the presene afglutamate. This coenzyme forms a Schiff base with the keto sugar substrate
and the resulting adduct undergoes a PMP-mediAtdeéhydration reaction to give a sugar enamine
intermediate, which after tautomerization and hydrolysis to release ammonia yields GDP-4-keto-3,6-
dideoxyb-mannose as the product. The combined transaminatlenxygenation activity places ColD

in a class by itself. Our studies also established ColC as Gb#litose synthase, which is a bifunctional
enzyme catalyzing the C-5 epimerization of GDP-4-keto-3,6-didesryannose and the subsequent C-4
keto reduction of the resultingepimer to give GDR-colitose. Reported herein are the detailed accounts

of the overexpression, purification, and characterization of ColD and ColC. Our studies show that their
modes of action in the biosynthesis of GDRwolitose represent a new deoxygenation paradigm in
deoxysugar biosynthesis.

Deoxysugars are found ubiquitously in nature as constitu- phosphateX) and cytidine triphosphate (CTP) to form CDP-
ents of plant, fungi, and bacteria. They are an important classp-glucose 2) (Scheme 1). An irreversible intramolecular
of carbohydrates that serve as ligands for-eedll interac- oxidation—reduction catalyzed by CDP-glucose 4,6-de-
tions or as targets for toxins, antibodies, and microorganismshydratase (k), in the presence of NAQ convert2 to CDP-
(1, 2). The 3,6-dideoxyhexoses in particular have been found 6-deoxye-glycercL-threo-4-hexulose §). The subsequent
in the lipopolysaccharide (LPSfomponents of a number C-3 deoxygenation to forn# is mediated by a pair of
of Gram-negative cell envelope8<5). These unusual enzymes, CDP-6-deoxy-glycercL-threo-4-hexulose-3-de-
dideoxyhexoses are present specifically in the O-antigenhydrase (k), a pyridoxamine 5phosphate- (PMP-) depend-
region of the LPS, where they serve as antigenic determinantsent iron—sulfur-containing enzyme, and CDP-6-deaxy-
and are vital for bacterial defense and survit9). There glyceroL-threo-4-hexulose-3-dehydrase reductase),(Ea
are seven naturally occurring 3,6-dideoxyhexoses, six of
which, paratose, abequose, tyvelose, ascarylose, and yers- Abbreviations: AspAT, aspartate aminotransferase; BCAT, branched
inioses A and B. are derived from CDPqucose (see chain aminotransferase; CDP, cytidinediphosphate; ColB, GDB-
Sch 110 h'l th th lit . d mannose 4,6-dehydratase; ColC, GDPslitose synthase; ColD, GDP-

cheme 1) 10), while the seventh sugar, colitose, is made 4-keto-6-deoxye-mannose-3-dehydrase; Col&;p-mannose-1-phos-
from GDPb-mannose (see Scheme 2)Y. phate guanidylyl-transferase; CTP, cytidinetiiphosphate; DEAE,

; ; _deari _di diethylaminoethyl; DTT, dithiothreitol; E CDP-6-deoxys-glycerc
The biosynthesis of the glucose-derived 3,6 dldeoxyhexoseL_threo 4-hexulose-3-dehydrases EEDP-6-deoxyo-glyceroi-threo

sugars is initiated by the-p-glucose-1-phosphate cytidylyl-  4.hexulose-3-dehydrase reductase; EDPo-glucose 4,6-dehydratase;
transferase- (f) catalyzed coupling ofa-p-glucose-1- E,, a-D-glucose-1-phosphate cytidylyltransferase; ESI, electrospray
ionization; FAB, fast atom bombardment; FPLC, fast protein liquid
chromatography; GDP, guanosinediphosphate; hFX, GDP-fucose
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[2Fe-2S]-containing flavoprotein reductase. Intermediate  Scheme 2
can then be converted to CDPascaryloses) and other 3,6- 0 4 i 10 1
dideoxyhexoses by various epimerases and ketoreductases -

(5,9, 10, 12)

In contrast, there are limited studies on the biosynthesis — ::>~~'Sl

of the GDPp-mannose-derived colitose. Colitose is a i i GG i
component in the O-antigen dEscherichia coliO111,

Yersinia pseudotuberculosiand someSalmonellaspecies H 5 .o ColE ColB 0 Pl
(11, 13). In addition, a previously unknown serotype of H _

Vibrio cholerae (V. cholerae 0139 Bengal), a newly 6 ARt
discovered second causative agent of cholera, has a short OH “ cold
O-antigen composed of a repeating unit with two terminal EQZ:EOGDP ColC o

colitose residuesld, 15). A similar distinction has also been o door

identified between the pathogenic and nonpathogEnimli
strains: the presence of colitose in the former may enhance
the lipophilic character of the endotoxin as a whole and L-colitose (0) must be catalyzed by ColC, whose sequence
possibly accounts for some of the different properties of the displays characteristics for a reductase.

cell walls. Gram-negative bacteria of the genglteromonas The proposed pathway shows two apparent disparities from
andPseudoalteromonaagrobic marine heterotrophic prokary- those established for other 3,6-dideoxysugars: the lack of
otes that are widely distributed in the marine environment, an B equivalent for the C-3 deoxygenation step—> 9)

also contain colitose in their O-specific polysaccharides. ( and the lack of a specific epimerase to invert the configu-
These bacteria produce a wide range of biologically active ration at C-59 — 10). In addition, while the translatezblD
compounds, such as antibiotics, antitoxins, and antitumor andgene sequence shows moderate identity with theydhe
antiviral agents. The emerging importance of colitose, and (ddhQascQ (19) of the ascarylose pathway (27% identity
its potential role in inducing properties of cells, has height- and 42% similarity), it lacks the putative irersulfur binding

ened the interest in the biosynthesis of colitose. motif found in the & sequence that mediates thergdical

In an effort to elucidate the biosynthesis of this unusual mechanism Z0). Thus, it is expected that the reactions
sugar, we have cloned and sequenced. thelitose biosyn- catalyzed by these enzymes deviate significantly from their
thetic gene cluster frorfersinia pseudotuberculosid and counterparts in the formation of other 3,6-dideoxyhexoses.
identified five open reading frames within this clust&w). To verify the assigned functions of these genes, the encoded
The genes responsible for colitose biosynthesis irethepli proteins, ColD and ColC, were heterologously produced and
0111 O-antigen have also been report&#).( Functional purified. A preliminary report on ColD catalysis has already

assignment of these genes based on sequence comparisdreen communicated. Reported herein are the detailed
with known genes in the data bank suggested a biosyntheticaccounts of overexpression, purification, and characterization
pathway similar to those established for other 3,6-dideoxy- of ColD, which catalyzes the C-3 deoxygenation, and ColC,
sugars (see Scheme 1). As depicted in Scheme 2, thewhich catalyzes the C-5 epimerization as well as C-4 keto
proposed pathway begins with the conversion-ofiannose- reduction, resulting in the conversion®fo GDP+-colitose
1-phosphatef) to GDPb-mannose{) by a-D-mannose-1-  (10) through intermediaté2d (see Scheme 4). Our studies
phosphate guanidylyltransferase (ColE), followed by an clearly show that both ColD and ColC are bifunctional
intramolecular oxidoreduction afby GDPb-mannose 4,6-  enzymes, and their modes of action in the biosynthesis of
dehydratase (ColB) to afford GDP-4-keto-6-deaxyp- GDP--colitose represent a new paradigm in 3,6-dideoxy-
mannose §). ColD, which is a coenzyme &lependent  sugar biosynthesis. On the basis of these results, ColD and
enzyme, is believed to be responsible for the C-3 deoxy- ColC can be referred as GDP-4-keto-6-deaxgrannose-
genation oB to give9. The final transformation d to GDP- 3-dehydrase and GDRcolitose synthase, respectively.
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EXPERIMENTAL PROCEDURES brated with the lysis buffer, was added. Subsequently, the
) o ] tube was placed on a shaker and gently shaken°&t #r
General. The strain ofYersinia pseudotuberculosidA 1 h to allow the protein to bind to the resin. The suspension

was a generous gift from Professor Robert Brubaker of \y 55 10aded onto a small glass column (Bio-Rady 25
Michigan State University (East Lansing, MI). Protein cmy and washed with 20 mL of the lysis buffer. Next, the
concentrations were determined according to Bradfaf)l (  resin was washed with 10 mL of the wash buffer (50 mM
with bovine serum albumin as the standard. The NMR g54iym phosphate buffer containing 15% glycerol, 300 mM
spectra were acquired on a Varian Unity 400 or 500 MHz NaCl, and 50 mM imidazole, pH 7.4) followed by elution

spectrometer, and chemical shifés i parts per million, - \yith 20 mL of the elution buffer (50 mM sodium phosphate
ppm) are given relative to those foBUOH (thf chemical  pyifer containing 15% glycerol, 300 mM NaCl, and 150 mM
shifts are 1.27 and 31.2 ppm féid NMR and **C NMR, imidazole, pH 7.4). The desired fractions (4 mL each), as

respectively), CFGl(external, for*F), and aqueous 85%  getermined by SDSPAGE, were pooled and dialyzed
HsPO, (external, for®'P), with coupling constants reported agains 1 L of 50 mM sodium phosphate buffer (pH 7.4)
in hertz (Hz). Fast-atom bombardment (FAB) and electro- containing 10% glycerol. After concentration on an Amicon
spray ionization (ESI) mass spectra were recorded by theconcentrator by use of a YM 10 membrane (Amicon), the
MS facility in the Department of Chemistry and Biochemistry purified enzyme was stored &80 °C. It was stable at this
of the University of Texas at Austin. Cloning of the colitose temperature for at least 6 months.

gene cluster was briefly described in an earlier paé), ( Enzyme Purification of ColCPurification of ColC fol-
and the details will be reported elsewhere. The two plasmids q\ved the same procedure used to purify ColD except for
described below, pNJB2 and pNJB3, contain ¢otD and e puyffers, which did not contain NaCl. After binding of
colC gene, respectively. These plasmids were used 10ye sample to the NiNTA resin, the resin was washed with
transforme. coliHMS174 and BL21 cells, respectively, for 10 mL of the wash buffer (50 mM sodium phosphate buffer
gene expression. N-terminal sequencing of purified enzymesyy 7 4, containing 15% glycerol and 30 mM imidazole) and
was performed by the Core Facilities in the Institute of e hrotein was eluted with 20 mL of elution buffer (50 mM
Molecu!ar and Cgllular Blolpgy of the University of Texas gggium phosphate buffer, pH 7.4, containing 15% glycerol
at Austin. The oligonucleotide primers for the polymerase 5,4 150 mM imidazole). The desired fractions were identified
chain reaction (PCR) were ordered from Gibco BRL (Gaith- by SDS-PAGE, pooled, concentrated (YM 10 membrane)
ersburg, MD). Grafit software version 3.09b (Erithacus 4ng desalted t;y dialyéis againg L of 50 mM sodium '
Software Ltd., Microsoft Corp.) was used for kinetic data phosphate buffer containing 15% glycerol, pH 7.4. The

analysis. Bio-Gel P2 resin was purchased from Bio-Rad purified enzyme was stored a80 °C. At this temperature,
Laboratories (Hercules, CA). Unless otherwise specified, all o enzyme was stable for at least 6 months.
chemicals were purchased from Sigrdrich Co. (St. Molecular Mass DeterminatioiThe native molecular mass
Louis, MO) and were used without further purification. of ColD and ColC proteins were estimated by gel filtration
Growth of E. coli HMS174(DE3)-pNJB2 and BL21(DE3)- performed on a Pharmacia FPLC equipped with a Superdex
PNJB3 CellsAn overnight culture oE. coliHMS174(DE3)- 200 HR 10/30 column. The proteins were eluted with 50
PNJB2 (L7), grown at 37°C with shaking at 250 rpmin LB mM potassium phosphate buffer (pH 7.0) containing 0.15
medium supplemented with 5@g/mL kanamycin, was M NaCl at a flow rate of 0.7 mL/min. The system was
diluted 200-fold wih 1 L of thesame medium. The culture  calibrated with protein standards (Sigma) and the data were
was incubated at 37C until the O reached 0.2, cooled  analyzed by the method of Andrew€2j. The subunit
to 25°C, and allowed to grow at this temperature until the molecular mass was estimated by SEFAGE as described
ODgoo reached 0.5. It was then induced with 0.3 mM by Laemmli @3).
isopropyl-p-thiogalactoside (IPTG), after which the culture  Enzyme Assajlhe activity of ColD was determined by a
was incubated for an additional £68 h at 25°C. The cells discontinuous HPLC assay on a C18 column (Microsorb-
were harvested by centrifugation (6@)@0 min) and stored MV, Varian, 4.6 x 250 mm) eluted isocratically with 2%
at —80 °C. A similar procedure was used to preparehe  zcetonitrile in 50 mM triethylammonium acetate buffer, pH
coli BL21(DE3)-pNJB3 cells. After the Ofgoreached 0.2,  6.8. The flow rate was 1 mL/min and the elution was
the incubation temperature was lowered to°8) and the  monitored at 254 nm. The substrate for Cof) which is
cultures were incubated at this temperature until thedD  the product of GDR>-mannose 4,6-dehydratase (ColB)
reading reached 0.6, at which point the cultures were inducedreaction, was generated from GBRnannoseT) in situ by
with IPTG to a final concentration of 0.5 mM. After 20 h  ColB. A typical assay mixture contained 1.8 M40 uM
further incubation at 30C, the cells were harvested by PpPLP, 2 mML-glutamate, 1.5:M ColB, and 0.65«M ColD
centrifugation at 6509 for 15 min at 4°C. The pellet was  in 60 uL of 50 mM sodium phosphate buffer, pH 7.0. The
stored at—80 °C until used. solution was incubated at 3T for 30 min and frozen with
Enzyme Purification of ColDThe purification was carried  liquid nitrogen to terminate the reaction. The frozen sample
out at 4°C as follows. Thawed cells were resuspended in was quickly thawed by mixing it with the elution buffer.
20 mL of lysis buffer (50 mM sodium phosphate buffer Subsequently, it was filtered through a membrane (Acro-
containing 15% glycerol, 300 mM NaCl, and 10 mM discl3, 0.2um, Gelman) to remove the protein and im-
imidazole, pH 7.4) and disrupted by sonication in five 40-s mediately analyzed by HPLC as described above.
bursts wih a 1 min cooling period between each burst. Cell  In a typical assay to determine ColC activity, 0.5 mM
debris was removed by centrifugation (106080 min). The GDP-mannosefj, 0.42uM ColB, 0.011 mM PLP, 0.55 mM
supernatant was placed in a clean tube and 4 mL of L-glutamate, and 0.18M ColID in 50 mM sodium phosphate
resuspended NiNTA agarose resin (Qiagen), preequili- buffer, pH 7.5, were incubated at room temperature for 2 h.
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To this mixture were added 1.1V ColC and 0.75 mM
NADH. The total volume was 6@L. The incubation was
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enzyme (90 nM), GDP-4-keto-6-deoxymannose &) (10,
15, 30, 45, and 6@M), PLP (0.5u4M), and various fixed

continued for 30 min and then quenched by freezing with concentrations of-glutamate (4, 8, 12, 16, 24 mM) in a
liquid nitrogen. The analysis of the incubation products was total volume of 60uL of 50 mM sodium phosphate buffer
conducted by HPLC under the same conditions described(pH 7.0) was prepared. Each sample was incubated & 37

above for the ColD assay.
Preparation and Characterization of ColD Reaction

and the extent of conversion was controlled to be within 30%
by properly adjusting the incubation time. The reactions were

Product. The ColD product was prepared on a large scale terminated and analyzed by HPLC as described above, and

by incubating 47.5 mM GDP-mannose?), 1.5 mM PLP,
and 33.9 mM.-glutamate with 54.8tM ColB and 9.5uM
ColD in 250 uL of 50 mM sodium phosphate buffer (pH
7.0), overnight at 37C. The protein was removed by a

Centricon-10 microconcentrator (Amicon) and the filtrate was

purified by HPLC on an Econosil C18 column (20250
mm) eluted isocratically with 2% acetonitrile in 50 mM

triethylammonium acetate buffer (pH 6.8). The fractions

the ratio of integration of product and substrate peak was
used to determine the activity. The kinetic parameters were
deduced by plotting these data on the basis of the rate
equation of a ping-pong mechanism

o Vil Al[B]
KnalAl + KoyelB] + [AI[B]

(1)

containing produc® were pooled and desalted on an Econo- in which K4 is the Michaelis-Menten constant for substrate
Pac 10 DG (Bio-Rad) column. Product elution was achieved A, Kz is the Michaelis-Menten constant for substrate B,
with water. This desalting procedure was repeated after andVyaxis the maximum rate. Initial rates were measured

lyophilization. The purified was stored at-80°C.™H NMR
(°H,0) 6 7.99 (1H, s, H-6 base), 5.82 (1H, d] = 5.9 Hz,
H-1' ribose), 5.39 (1H, br d) = 7.5 Hz, H-1), 4.50 (1H, q,
J=6.6 Hz, H-5), 4.41 (1H, m), 4.24 (2H, m, including H-2),
4.10 (2H, m), 2.93 (1H, dd) = 15.5 and 4.0 Hz, 3-),
2.34 (1H, ddJ = 15.5 and 3.0 Hz, 3-K), 1.14 (3H, dJ =
6.6 Hz, 5-Me)3C NMR (2H,0) 6 211.2 (C-4), 159.2, 152.0,
137.9, 95.1 (dJ = 6.0 Hz, C-1), 87.1, 84.0 (d,= 9.1 Hz),
73.8, 72.7 (C-5), 70.6, 70.1 (d,= 10.1 Hz, C-2), 65.6 (d,
J=5.0Hz), 42.4 (C-3), 13.8 (C-6). High-resolution negative
ion FABMS calcd for GgH2:N5014P, [M—H]~ 570.0639,
found m/z 570.0636.

Preparation and Characterization of ColC Reaction

in triplicate with each individual measurement plotted.
Determination of Kinetic Parameters of ColC-Catalyzed
Reaction. The rate of the ColC-catalyzed reaction was
determined spectrophotometrically by following the con-
sumption of NADH €340 = 6220 M1 cm™?) at 30°C. A
series of samples containing 1@® NADH and varying
amounts of GDP-4-keto-3,6-dideoxymannoseq) (10, 30,
40, 50, and 8@«M) in 200 uL of 50 mM sodium phosphate
buffer, pH 7.5, was prepared. The reaction was initiated by
the addition of ColC (1.M). The labeled GDP-[3,3H,]-
4-keto-3,6-dideoxymannose, which was prepared as de-
scribed below, was used for studying the kinetic isotope
effects of the epimerization step. Samples containingM5

Product. The substrate for the ColC reaction was prepared stereospecifically deuterated NADH were used for studying

by a large scale ColB/ColD reaction in which 24.8 mM GDP-
p-mannose®), 2.1 mM PLP, 30 mM.-glutamate, 64.7ZM
ColB, and 10.4uM ColID in 725 uL of 50 mM sodium
phosphate buffer (pH 7.0), were incubated at@®vernight.

The proteins were removed by a Centricon 10 microcon-

the kinetic isotope effects of the hydride transfer step. To
determine the Michaelis constant of NADH, the assay was
repeated by incubating 300M GDP-4-keto-3,6-dideoxy-
p-mannose §) and varying concentrations of NADH (15,
30, 45, 75, and 15@M) in 200 uL of 50 mM sodium

centrator. To the filtrate were added 35 mM NADH and 53.9 phosphate buffer, pH 7.5. A similar study was also performed

uM ColC to a final volume of 1 mL. The pH of the mixture

with NADPH as the coenzyme. The kinetic parameters were

was adjusted to 7.5 and the reaction was allowed to run atdeduced by fitting the data to the Michaetislenten
room temperature overnight. The protein was removed by a equation.

Centricon 10 microconcentrator (Amicon) and the filtrate
purified by FPLC on a MonoQ HR (10/10) column. The

Incubation of ColD with Its Substrate in Buffer Made with
2H,0. A 250 uL reaction mixture containing 47.5 mM GDP-

product was eluted by a gradient of water as solvent A and p-mannose 7), 1.5 mM PLP, 33.9 mM.-glutamate, 54.8
400 mM NHHCO; as solvent B where the gradient ran from uM ColB, and 9.5uM ColD in 50 mM sodium phosphate

0% B for 4 min, 0-60% B over 20 min, 66100% B over
5 min, followed ly a 5 min wash by 100% B. The flow rate
was 3 mL/min. The ColC produdtO eluted at 23.5 mintH
NMR (®H,0) 6 8.05 (1H, s, H-8 base), 5.84 (1H, d] =
6.0 Hz, H-1 ribose), 4.83 (1H, tJ = 7.5 Hz, H-1), 4.44
(1H, t,J = 4.5 Hz), 4.26 (1H, m), 4.12 (2H, m), 3.64 (3H,
m, H-2, 4, 5), 2.10 (1H, ddd) = 14.6, 4.6, and 3.1 Hz,
3-Heg), 1.61 (1H, dddJ = 14.6, 14.6, and 3.0 Hz, 3:H),
1.08 (3H, d,J = 6.5 Hz, 5-Me).1*C NMR (*H,0) ¢ 159.1,
154.2, 137.9, 116.4, 100.6 (d,= 6.0 Hz, C-1), 87.1, 84.0
(d,J=9 Hz), 74.9 (C-4), 73.8, 70.7, 68.2 (C-5), 66.0 {d,
=10 Hz, C-2), 65.6 (dJ = 5.0 Hz), 36.6 (C-3), 15.8 (C-6).
High-resolution negative ion FABMS calcd fokdEl24NsO14P,
[M—H]~ 572.0795, foundwz 572.0813.

Determination of Kinetic Parameters of ColD-Catalyzed
Reaction A series of samples containing the purified ColD

buffer (pD 7.4) made fron®90% deuterated water (Cam-
bridge Isotope Laboratories) was incubated overnight at 37
°C. The proteins were removed by a Centricon-10 micro-
concentrator (YM-10 membrane) and the filtrate was purified
on an HPLC Econosil C18 column (18 250 mm) as
described above. The pooled fractions containing profluct
were subjected to two consecutive elutions via an Econo-
Pac 10 DG (Bio-Rad) column in order to desalt the fractions.
Product elution was achieved with,O. After lyophilization,

the purified product, GDP-[3,8,]-4-keto-3,6-dideoxy-
mannose, was analyzed byYH1 NMR spectroscopy to
determine the regio- and stereochemistry of deuterium
incorporation.H NMR (?H,0) 6 8.02 (1H, s, H-8 base),
5.83 (1H, d,J = 5.9 Hz, H-1ribose), 5.62 (1H,d)J=7.5

Hz, H-1 of the hydrate form), 5.38 (1H, d,= 8.0 Hz, H-1

of the ketone form), 4.67 (1H, m, H)24.42 (1H, m, H-3),
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4.26 (2H, m, H-4and H-2), 4.12 (2H, m, H-%, 2.36 (1H, removal of the protein precipitates by a microconcentrator
d,J = 3.0 Hz, 3-H,), 1.12 (3H, s, 5-Me). High-resolution  with a YM-30 membrane, the filtrate was dried in a rotary
negative ion FABMS calcd for {gH1°HaNsO14P> [M —H]~ evaporator under reduced pressure and the residue was
571.0685, foundn/z 571.0678. resuspended in 40 (1 mL). The resulting (R)-[4'-*H]PMP

Incubation of ColC with Substrate in Buffer Made with (0.37uCi/umol) and (49-[4'-*H]PMP (0.32uCi/umol) were
2H,0O. The 400uL reaction mixture contained 30.7 mM  stored at—20 °C.

GDP-4-keto-3,6-dideoxp-mannose ), 40.3 mM NADH, Stereochemistry of ColD-Catalyzed CBEprotonation of
and 65.7uM ColC in 50 mM sodium phosphate buffer (bD  the PMP-Substrate Complexn this study, 40uL of the
7.9) made from>90% deuterated water. The reaction was gypstrate solution, which contained GBRPrannoseT) (0.44
incubated overnight at room temperature and stopped bymg, 0.72umol) and ColB (6.5 nmol) in 40@L of 50 mM
removing the protein with a Centricon-10 microconcentrator. gqdium phosphate buffer (pH 7.0), was added to an assay
The product was purified by FPLC as described above and go)ytion containing the stereospecifically labele@4]PMP
analyzed for deuterium incorporation By NMR spectros- coenzyme (3:imol) and ColD (40ug) in the same sodium
copy.*H NMR (*H,0) 0 7.89 (1H, s, H-8 base), 5.72 (1H,  phosphate buffer, resulting in a total volume of 200 The
d,J=6.0 Hz, H-Iribose), 4.8 (overlapped with®, H-1), reaction was run at 37C for 3 h, followed by the addition
4.32 (1H, t,J = 5.2 Hz), 4.13 (1H, m), 3.99 (2H, m), 3.54  f activated charcoal (10% solution, 2@) to bind the
(2H, m, H-2, 4), 1.97 (1H, ddd]) = 14.0, 4.0, and 3.1 Hz,  ¢ofactor. The resulting solution was mixed vigorously on a
3-Heg), 1.47 (1H, dddJ = 14.0, 12.8, and 4.0 Hz, 344, vortex mixer for 1 min and centrifuged for 10 min at 11900
0.95 (3H, s, 5-Me). _ to precipitate the charcoal. The supernatant (X&) was
Preparation of [4-°*H]JPMP. Racemically labeled [4H]- removed and analyzed by scintillation counting. A control

PMP was prepared according to a published method with reaction was carried out in parallel without substrate.
minor modifications 24). Briefly, the reaction mixture (pH
4~5) containing 16.5xmol of PMP and 5.7%mol of PLP in
600uL of ®H,O (15 mCi, Sigma) was incubated in the dark
at room temperature for 4 days. The reaction mixture was ethanol (19.2:mol), and yeast alcohol dehydrogenase (2.5

then loaded onto a Dowex 1X2-100 column (acetate form, [)ngﬁ Sigmg) ]En > mLoof 100 mM ammonium bicarbonate
1.5 x 15 cm, Sigma) equilibrated with 0.1 N NaOH. After uffer made from>90% deuterated water, pD 8.5, at 32

the column was washed with 0.1 N NaOH and water, PMP by a.Iiterature progedureZ(S, 26). After removal of the
was eluted with 0.1 N HCI. PMP eluted in this manner was Protein by a Centricon-10 microconcentrator, the labeled
sufficiently pure as assessed By NMR spectroscopy of a coenzymel was pulf'f'eo' by FPLC equm;ped with a quoQ
control run with?H,0, making further purification unneces-  (+0/10) column. A linear gradient 0ftb0% B over 20 min,

sary. Radioactivity was determined with a Beckman LS6500 followed by 56-100% B over 4 min, and ending with 100%

multipurpose scintillation counter with biodegradable count- B for 8 min was used to elute thefR#[4-*HINADH, where
ing scintillant (Amersham). The specific radioactivity of solvent A was water and solvent B was 0.5 M MTO;

tritiated PMP was 1.3Ci/umol. buffer. The flow rate was 2 mL/min, and NADH was eIu_ted
Preparation of (4S)- and (4R)-[4-*H]PMP. The pro-R at 19 min. The (8)-[4-°’H]NADH sam_plt_a was_prepared with
labeled [4-°*H]PMP was prepared by incubating the racemic 150“m°_| of N.AD+’ 300“m9| of (:!|th|othre|tol (DTT). 5
[4'H]PMP with apo-aspartate aminotransferase (apo- umol of Illpoam|de, and 10 units of I|poam|Qe dehydrogenase
AspAT), while the pro-S labeled [4-*H]JPMP was made (Sigma) in 25 mL of 50 mM ammonium bicarbonate buffer

by incubating the racemic 4H]PMP with apo-branched m_ade from>90% deuterated water, pD 8'!.270' S”.‘a"
chain aminotransferase (apo-BCAT). Preparation of the apo&/1duots (50uL) of NaC’H were added to the incubation at
forms of ASpAT and BCAT from the corresponding holo- f00M temperature to keep the pD between 8 and 9, while
enzymes followed literature protocold4). Briefly, ASpAT production of [4°H]NADH was monitored at 340 nm. The
(glutamic—oxalacetic transaminase type II-A from porcine Protein was removed by use of a Centricon-10 microcon-
heart, 6 mg) or BCAT (fronE. coli, 10 mg) was incubated centrator and the filtrate was purified on a DEAE-Sephar(_)se
with 30 mM L-cysteinesulfinic acid in 50@L of 100 mM column (4x 18 cm)._ The Igbeled coenzyme was elut_ed with
Tris-HCI buffer (pH 8.5) at 30C for 90 min. The reaction & 0-0.2 M ammonium bicarbonate gradient. Fractions (6
mixture was dialyzed against 0.5 M sodium phosphate buffer ML) were collected, and the desired fractions were combined
(pH 5.0 for AspAT and pH 6.5 for BCAT) for 24 h, with and lyophilized to give a pale yell'ow solid. NMR a}naIyS|s
three changes of the buffer. This was followed by dialysis ©f Poth (4) and (&) products validated the chirality and
against 10 mMN-(2-hydroxyethyl)piperaziné¥-2-ethane- ~ confirmed the deuterium incorporation.

sulfonic acid (HEPES) buffer (pH 8.0) for 24 h with three Determination of Stereospecificity of Hydride Transfer
buffer changes. The loss of PLP from each enzyme wasfrom NADH in the ColC-Catalyzed Reactiohhe 475uL
confirmed by UV spectral analysis. These apoenzymes wereincubation mixture contained 6.2 mM stereospecifically
then used for the conversion of the racemic34]PMP to labeled NADH, 4.13 mM sugar substra®e and 0.4 mM
(4'9- and (4R)-[4'-3H]PMP. The reaction mixture contained ColC in 50 mM sodium phosphate buffer, pH 7.5. After
10.5umol of [4'-3H]PMP and 18 nmol of apo-AspAT or 21  overnight incubation at room temperature, the enzyme was
nmol of apo-BCAT in 50QuL of 50 mM Tris-HCI buffer removed by a Centricon-10 microconcentrator, and the
(pH 8.0), along with Jumol of unlabeled PMP as a carrier. resulting sugar product was purified by FPLC as described
The reaction was incubated at 30 for 15 h, quenched by  above for the purification of GDP-colitose (L0). The desired
the addition of 1%L of 12 N HCI, incubated at 30C for fractions were combined, lyophilized, redissolvectitzO,
another 3 h, and then incubated at°fsfor 15 min. After and analyzed byH NMR spectroscopy.

Preparation of Stereospecifically Deuterated NAG#R)-
[4-°HINADH was prepared with NAD (185 umol), [°He]-
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A B C

Ficure 1: SDS-PAGE gel of ColC and ColD after NiNTA
purification. Lane A, molecular weight markers: triosephosphate
isomerase (lower darker band, 27 kDa), thioredoxin reductase (34.
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for ColD, as estimated by SBSAGE, correlates well to

the predicted value of 35 234 Da and 46 127 Da calculated
from the translatedolC and colD sequence plus the His-
tag. The molecular masses, estimated by gel filtration,
suggest that both ColC and ColD exist as homodimers in
the native state. No absorbance band was apparent above
300 nm for either ColC or ColD.

Calatytic Properties of ColDThe translateatolD gene
sequence shows moderate sequence identity with that of the
E; gene @dhCQascQ (19) of the ascarylose pathway (see
Scheme 1), suggesting that ColD might also utilize PMP as
a coenzyme for its catalysis. Experimental confirmation was
obtained from the observation that turnover occurred when
ColD was incubated with substrat8) (in the presence of
excess PMP but not with PLP. However, the rate of product
formation increased by more than 40-fold wheglutamate
was included in the PLP incubation mixture. Sincéeto-

gdlutarate was found as a byproduct in the reaction mixture,

kDa), MBP2 (42.7 kDa), glutamic dehydrogenase (55.6 kDa), and it became clear that ColD can act as a transaminase,

bovine serum albumin (higher darker band, 66 kDa). Lane B, ColC;
lane C, ColD.

Incubation of ColC with Substrate in the Absence of
NADH. After the 'TH NMR spectrum of a reaction mixture
containing 14.6 mM GDP-4-keto-3,6-dideorymannose9)
in 600 uL of 50 mM sodium phosphate buffer made from
10% deuterated water (pH 7.5) was recordeduNLColC

was added to the reaction mixture. The progress of the

reaction was monitored at 10-min intervals p&h by 'H
NMR spectroscopy.

Incubation of ColC with Substrate and NADA 'H NMR
spectrum of a reaction mixture containing 14.6 mM GDP-
4-keto-3,6-dideoxyr-mannose §) and 14.6 mM NAD in
600uL of 50 mM sodium phosphate buffer made from 10%

recognizing both PMP and PLP. Further experimentation
revealed that-glutamate is a better amino donor than either
L-glutamine ¢50% activity) orL-alanine 5% activity),
while p-glutamate and -aspartate are inactive as cosub-
strates. On the basis of these findings, the first step of ColD
catalysis is likely the conversion of PLP to PMP via an
aminotransferase reaction.

Isolation and Characterization of the ColD Reaction
Product The ability of ColD to function as the C-3 dehydrase
was established by an HPLC-based assay in which GDP-
mannose 1), PLP, andL-glutamate were incubated with
appropriate amounts of ColB and ColD at 37 for 30 min.

In addition to the unreacted and GDP-4-keto-6-deoxy-
mannoseg), the product of ColB reaction, a new compound
with a retention time of 10.5 min, was found in the reaction

deuterated water (pH 7.5) was recorded. Subsequently, 71 i+ re. The retention times fof and 8 in the HPLC

uM ColC was added to the NMR tube to initiate the reaction.
The progress of the reaction was monitored'bly NMR
spectroscopy at 10-min intervals over 3 h.

Incubation of ColC with Substrate and NADn Buffer
Made with®H,0. A 400 uL reaction mixture containing 13.3
mM GDP-4-keto-3,6-dideoxp-mannoseq), 20 mM NAD",
and 284uM ColC in 50 mM sodium phosphate buffer made

chromatogram are 6.6 and 8.9 min, respectively. A large-
scale incubation reaction allowed the isolation and identifica-
tion of this compound as GDP-4-keto-3,6-dideaxy-
mannose9). The coupling patterns as well as the chemical
shifts of the 3-Hqy and 3-Hy signals, each appearing as a
doublet of doublets ad 2.93 and 2.34, respectively, are
characteristic of the assigned struct@eThis structural

from >90% deuterated water (pD 7.9) was prepared. The assignment is further supported by the high-resolution MS
reaction was incubated overnight at room temperature andgatg.

the protein was removed by use of a Centricon-10 micro-

concentrator. The filtrate was purified by FPLC under the
same conditions described for the purification of GDP-
colitose (L0). The desired fractions were combined, lyo-
philized, and analyzed for deuterium incorporation in the
product by!H NMR spectroscopy.

RESULTS

Enzyme Purification and Characterizatiorhe N-terminal
Hise-tagged ColC and ColD enzymes were purified to near
homogeneity on a NiNTA column as illustrated in Figure
1. The yield of ColC was about 8 mg/L of culture, and that
of ColD was typically 9 mg/L homogeneous protein. The
identity of each purified protein was confirmed by N-terminal

Isolation and Characterization of the ColC Reaction
Product. The ability of ColC to function as the GDR-
colitose synthase was verified by the same HPLC-based assay
described above, in whic®, generated in situ, was reacted
with ColC in the presence of NADH. A new peak with a
retention time of 10 min was observed under the HPLC
conditions described above. This peak partially overlapped
with that of the ColD product9) and was absent when ColC
was omitted from the incubation mixture. As expected, the
3-Heq and 3-Hy signals of the isolated product appear as a
doublet of doublets of doublets a 2.10 and 1.61,
respectively, revealing the presence of a new hydrogen at
the adjacent C-4. This product was identified as tan
pyranose because NOESY analysis showed proximity rela-

sequence analysis in which the first 10 amino acid residuestionships between Hsgand H-2, between H-5 and H-1, and
matched those of the corresponding translated gene sequencamong H-6, H-4, and H-3 These results clearly indicate

A subunit molecular mass of 36 kDa for ColC and 46 kDa

that ColC is a bifunctional enzyme, catalyzing C-5 epimer-



16456 Biochemistry, Vol. 43, No. 51, 2004 Alam et al.

50 0.012 . T T T
a5 | A . A ),
40 1 ) . 0.01 -
S 35 8 g A § ]
g 30 | . e g g A = 0008 -~ -
A IS = 4
8 o5 | £
&% Wy 2 2 0006 ~
S 20 = L i
< 2
= 15 < 0004 [ —
10 | L i
5 1 0.002 -
0 T T T T T 7
0 002 004 006 008 01 012 0 —_—
1/[GDP-4-keto-6-deoxy-mannose] (uM) 0 100 200 300 400
[GDP-4-keto-3,6-dideoxy-D-mannose] (uM)
0.14 — — —
B T 0.04 T T T T T T T
C ] | B 4
— [~ O_
2 013 — 0.03 o =
Z L i E L i
g - - £
£ L © . Z o2 =
X 012 - 2
- o) 4 ‘Z_ - i
- . 0.01 - —
oqq v ] L 1
008 012 0.16 0.2 0.24 0 | | L l ! l L
1/[L-Glu] (1/mM) 0 100 200 300 400
Ficure 2: Determination of steady-state kinetic parameters for the [GDP-4-keto-3,6-dideoxy-D-mannose] (uM)

reaction catalyzed by ColD. Rates of individual reactions were . -
determined by incubating varying amounts of GDP-4-keto-6-deoxy- Ficure 3: Determination of steady-state kinetic parameters for the

p-mannose §) (10—60 xM) with 90 nM ColD and various fixed reaction catalyzed by ColC. Rates of individual reactions were
concentrations of-glutamate (4 mMQ; 8 mM, ®; 12 mM, J; 16 determined by incubating varying amounts of GDP-4-keto-3,6-
mM, B; 24 mM, 2) as described under Experimental Procedures. dideoxyp-mannoseq) (10-80xM) with 1.5uM ColC and a fixed

(A) Double-reciprocal plot of the initial rates against the sugar concentration of (A) NADH (100:M) or (B) NADPH (1004M)
substrate §) concentrations. (B) Replot of the intercepts on the aS described under Experimental Procedures. The initial rates were

y-axis in panel A (Im@)app against the reciprocal concentrations plotted against the sugar substre@e ¢oncentrations to obtain the
of L-glutamate. data shown above.

ization as well as C-4 reduction of the ColD produgtgee Stereochemistry of ColD-Catalyzed Deprotonation of the
Scheme 2). PMP—Substrate Complexccording to the proposed mech-
Kinetic Properties of ColD and ColCrhe kinetic param-  anism for ColD, loss of the OH group at C-3 of the substrate
eters for the ColD and ColC reactions were determined underis initiated by deprotonation at C-df the cofactor-substrate
steady-state conditions. At low substrate concentrations,complex (1a see Scheme 3). To test whether this depro-
reciprocal plots of the ColD reaction rates versus the tonation is stereospecific as it is for other coenzyme
concentration o8 at various but fixed levels af-glutamate Bs-dependent enzymes, R)-[4'-*H]PMP and (49)-[4'-*H]-
yielded a set of parallel lines (Figure 2A). The intercepts PMP were individually incubated with ColD and the substrate
along thex-axis of which are reciprocals of the apparent (8) generated in situ from GDB-mannose {) by ColB.
maximum rates, Ma,, and the intercepts on theaxis are Since the C-4hydrogen of the enzyme-bound PMP may be
negative reciprocals of the apparent Michaelis constantslabile, an otherwise identical control reaction was carried
1/Kmeapp Replots of these intercepts against reciprocal out in the absence of substrate. As shown in Table 1, PMP
concentrations of-glutamate were also linear. The plot of alone and the PMPsubstrate complex are quite stable under
1/KmgappVersus 1i-Glu] yieldedKng (Figure 2B), and that  the assay conditions. However, incubation ofRj44'-*H]-
of 1Nppagainst 1A[-Glu] gaveV andKmiL -giy) (Not shown). PMP with ColD released 10 times more radioactivity than
The analyses gavelka, of 0.6 s* for the overall reaction,  did the incubation of (4)-[4'-*H]PMP with ColD [Table 1,
aKp of 8.5uM for GDP-4-keto-6-deoxy-mannose), and (445-168)/(114-93) ~ 13]. Hence, the deprotonation is
a Ky of 1.4 mM for L-glutamate. clearly a highly selective process that preferentially removes
The kinetic parameters for the ColC reaction were thepro-R hydrogen from C-4of PMP.
determined spectrophotometrically by following the con-  Stereospecificity of C-3 Hydrogen Incorporation in the
sumption of NADH at 340 nmegso = 6220 Mt cm™) and ColD Reaction.In the ColD-catalyzed deoxygenation, the
fitting the data to the MichaelisMenten equation (Figure  hydroxyl group at C-3 08 is replaced by a solvent hydrogen
3). TheK, for 9 was determined to be 139 18 uM with to generate the product. To assess whether the deoxygenation
aVmax0f 0.015+ 0.0084M min~tin the presence of NADH  reaction is entirely enzyme-catalyzed, the stereospecificity
(Figure 3A). The corresponding parameters determined whenof hydrogen incorporation at C-3 was determined by carrying
the assay was carried out in the presence of NADPHare  out the ColD reaction ifH,O. NMR analysis of the ColD
for 9 = 75+ 15 uM and Vmax = 0.0374 0.003uM min—1 product Q) isolated from this experiment showed a dramatic
(Figure 3B). decrease in the intensity of the signal @t2.93 (3-Hy)
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potentially be exchanged with solvent hydrogen. Apparently,
the initial hydrogen activation for epimerization is regio-
specifically controlled by the chiral environment of the active
site.

Table 1: Stereospecificity of ColD-Catalyzed Deprotonation of the
C-4 Proton of the PMP-Substrate Complexi(a)

tritium released (dpm)

incubatior? (4R)-[4'-3HIPMP  (49-[4'-3H]PMP . . _
VP 12056 95112 Stereospecificity of Hydride Transfer from NADH in the
PMP + sugar substrate) 127+ 9 941 2 ColC ReactionThe stereospecificity of nicotinamide oxida-
PMP+ ColD 168+ 7 93+ 2 tion is a highly conserved characteristic of a given class of
PMP+ sugar substrate) + ColD 445+ 20 114+ 7 oxidoreductases and has been correlated with the orientation

of binding of the pyridine nucleotide to the enzyme. To
establish the stereospecificity of the ColC-catalyzed NADH
oxidation, stereospecifically labeled NADH samples were

aThe (4R)- and (49-[4'-*H]PMP used in each experiment have
comparable amounts of radioactivity (2240 dpm).

Scheme 4 incubated with the enzyme, and the colitose proddé€) (
OH B OH Meon | was purified by FPLC as described. On the basi-oNMR
oMo ColC oMo o2 analysis, it was found that incubation witt§j44-2H]NADH
% NADH %Jﬁ D led to deuterium incorporation at C-4 d®, because the peak
9 OGDP 12a OGDP 12b OGDP integral ato 3.64 (4-H) decreases from three to two
h hydrogens (4-H overlapped with 2- and 5-H) and the C-3
NAD* NADH Me— o proton signals at 2.10 and 1.61 split into a doublet of
Me7 =07 06PN\ J VA OZ\ZOOHGDP doublets. In contrast, colitose isolated from the incubation
HO 10 C 2 with (4R)-[4-°HINADH showed no change in the integration

and splitting patterns of its NMR signals. Thus, the stereo-
chemical preference of ColC with regard to the transfer of
at® 2.34 (3-Hy). These data reflect the incorporation of a ©One of the diastereotopic methylene hydrogens at C-4 of the
deuterium at the equatorial position at C-3®fSince the  dihydronicotinamide ring is established to pro-S stereo-
solvent hydrogen incorporation at C-3 is stereospecific, this SPECfic.

process must be enzyme-mediated, and the overall displace- Kinetic Isotope Effects with Stereospecifically Labeled

coupled with a change in the splitting pattern of the signal

ment proceeds by a retention mechanism.

Sokent Hydrogen Exchange in the ColC-Catalyzed C-5
Epimerization StepAs indicated above, the product of the
ColC reaction is an-pyranose. Thus, inversion of config-

uration at C-5 must be part of the ColC-catalyzed reaction,

converting its substrat®, which is ap-sugar, to GDR-
colitose (0), which is anL-sugar. This ColC-catalyzed
epimerization is likely a result of deprotonation of the proton
at C-5 of9 followed by reprotonation from the opposite side
to afford thecL-isomer of 9 (12d in Scheme 4). In this

NADH in the ColC ReactionTo validate thepro-S stereo-
specificity of NADH oxidation and to determine whether
the hydride transfer from NADH is the rate-limiting step in
the ColC reaction, the kinetic isotope effect (KIE) &g
was determined by use of stereospecifically labeled NADH.
When (8)-[4-°HINADH was used in the reaction mixture,
a KIE of 1.4+ 0.5 was measured, while no isotope effect
(1.0 0.2) was detected with B)-[4-2H]INADH. The kinetic
isotope effect observed with th&4but not the &K-labeled
NADH is consistent with thepro-S stereospecificity of

mechanism, a solvent hydrogen is expected to be incorpo-hydride transfer from NADH. However, such a small isotope

rated at C-5 after epimerization. To verify this proposal, the
ColC reaction was conducted #H,0. *H NMR analysis of
the colitose product isolated from this incubation indeed

revealed the incorporation of a deuterium at the C-5 position.

effect suggests that the hydride transfer step is not a

significant rate-limiting step in the ColC reaction.
Incubation of ColC with Substrate in the Absence of

NADH. In an attempt to separate the C-5 epimerization from

This observation is consistent with the proposed deprotona-the C-4 reduction step in the ColC reaction, a set of ColC
tion/reprotonation mechanism. Interestingly, no reduction in incubations was carried out in which NADH was omitted,
the intensity of the signal corresponding to the proton at C-3 thereby preventing the reduction of the putative 4-keto-
of the colitose product is discernible, despite the fact that sugar intermediaté2d, the nascent product of the epimer-

this proton, which is adjacent to the 4-keto groupgjncan

ization reaction. Since epimerization is expected to be a
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reversible process, an equilibrium of tle and L-sugar different from the E/E; paradigm established for the
epimers with distinct NMR spectral features should be formation of other 3,6-dideoxyhexoses. Since the translated
established during the course of the ColC reaction. The colD gene shows moderate sequence identity with that of
doublet ato 1.08 assigned to the methyl group at C-590f  the E gene of the ascarylose pathway and shares a unique
was chosen as the reference signal for monitoring the feature with k& containing a histidine at position 192 (like
progress of the reaction. The reaction was followedty H220 in B) instead of a highly conserved lysine found in
NMR spectroscopy at 10-min intervals for 3 h. No reduction other B-dependent enzyme2(@), its encoded protein ColD

of the reference signal and no new set of doublets for the may act as an Eequivalent in the colitose pathway 74,
methyl group at C-5 of the-epimer (2d) were observed.  18). However, unlike E, ColD lacks the iror-sulfur binding
Hence, this experiment failed to provide insight into the motif, implicating a unique function.

epimerization process. Indeed, our experiments show that ColD is solely respon-

Incubation of ColC with NAD in Buffer Made witi?H0. sible for C-3 deoxygenation as opposed to the strategy found
Since binding the nicotinamide coenzyme to the active site In the biosynthesis of other 3,6-dideoxyhexoses, which
may be a prerequisite for the ColC reaction, a second NMR require a separate dehydrase)(Bnd reductase ¢E As
experiment was attempted under the same conditions aﬁepiCtEd in Scheme 3, the first half of the ColD reaction is
described above, except for the inclusion of an excess ofa transamination step in which PLP is converted to PMP in
NAD™*. Unfortunately, no spectral changes were observed the presence af-glutamate. The PMP coenzyme then forms
during the 3-h incubation period. This result may be @ Schiff base with the sugar substra@if the second half
explained by an equilibrium greatly favoring the formation reaction, and the resulting addudtl@) undergoes a 1,4-
of 9 over that of theL-epimer (2d). Thus, an overnight ~ dehydration to eliminate the 3-OH group. Hydrolysis of the
reaction was carried out in which ColC was incubated with nascent\*4-aminomannoseen intermediateL b) leads to an
9 and NAD' in buffer made fron?H,0. If the epimerization enamine sugar intermediatéc which after tautomerization
proceeds in favor of the reverse directiol2¢ — 9), a and hydrolysis to release ammonia ylelds GDP-4-keto-3,6-
deuterium label is predicted to be incorporated into C-5 of dideoxyb-mannose §) as the product. The stereospecific
the recovered substrate due to the reversal of the deprotoincorporation of a deuterium at 3gkbf 9 when the reaction
nation/reprotonation step. While no new product was found is conducted in deuterated buffer indicates that tautomer-
in the incubation mixture, NMR analysis of the recovered ization of11cis an enzyme-mediated event.
substrate 9) revealed the incorporation of deuterium at the ~ The second half of the ColD reaction is mechanistically
C-5 position_ Control reactions without enzyme or NAD reminiscent of the PLP-dependent serine/threonine dEhy-
showed no deuterium exchange. These results are consisterfiratases28). In the case of serine/threonine dehydratases,
with a scenario in which deprotonation and inversion of the nitrogen atom in the nascent enamine product after
Configuration at C-5 occurs, but the accumulation of the dehydration is derived from the amino group of the substrate.
epimerized productlQd) is prevented by an unfavorable In 11g the nitrogen atom in the nascent enamine is derived
equilibrium. It is the subsequent reduction by NADH that from PMP coenzyme. Hence, ColD catalysis is not a simple
provides the driving force to push the equilibrium to dehydration reaction because a transamination step is required
completion (2d — 10). to reload the amino group on the coenzyme after each
catalytic cycle. Nevertheless, the ColD reaction resembles
enzymes in the transaminase family because the Michaelis
5-H of 9, which triggers C-5 epimerization, constitutes a rate- constant for the keto acid substrate is lower than that of the

determining step in the ColC reaction, the kinetic isotope ?on%r amino acidg9). ,?similar lt'rend'has alsr? bﬁen relported
effect on ke With GDP-[3,52H;]-4-keto-3.6-dideoxyp- or the transaminase froiff. coli strain B, which catalyzes

mannose as substrate was determined. This doubly labeledn€ conversion of TDP-4-keto-6-deoryglucose §0) to the
compound was isolated from an incubation mixture contain- corresponding 4-amino-4,6-dideoxy sugad)( .

ing GDPo-mannoseT), ColB, ColD, and all the necessary The pro-R stereospecificity exhibited by CoID_ in the
components in deuterated buffer. The fact that a KIE of 2.6 deprotonation from C-4of the PMP-substrate Schiff base

+ 0.4 was measured clearly indicated that therCbond (118 i another unusual property rarely found among
cleavage at C-5 is at least partially rate-limiting in the Colc C0€nzyme B-dependent enzymes. For most enzymes in this
reaction. family, including B, this process ipro-S specific 32, 33).
Only a few exceptions to this highly conserved stereochem-
DISCUSSION ical preference are know34). These include branched-chain
L-amino acid aminotransferase &. coli (35 and the
Deoxygenation reactions in biological systems are pivotal b-amino acid aminotransferase Bfcillus sp. YM-1 (36).
transformations and encompass a diverse range of mechaThese two enzymes exhibit significant sequence identity with
nisms. A novel deoxygenation reaction has been found in each other but none with the translated sequenceplid.
the biosynthesis of CDP-ascarylose ) and related 3,6- The fact that the C-4deprotonation step ipro-R ste-
dideoxyhexosesy( 9, 10, 12). This C-3 deoxygenation step reospecific suggests that ColD has teéace of the complex
is catalyzed by a pair of enzymes, &d E, and the reaction ~ 11b (at C-4) accessible to active-site catalytic groups. The
is initiated by the Ecatalyzed dehydration to release the retention of configuration at C-3 deduced from the solvent
3-OH group followed by an Emediated stepwise 1fe incorporation study shows that the departure of the hydroxyl
reduction (Scheme 1). The lack of ag &quivalent in the group and the addition of a solvent hydrogen at C-3 occur
colitose pathway indicates that the mechanism of C-3 suprafacially. In fact, the bond cleavage and formation at
deoxygenation in colitose biosynthesis must be significantly C-3 and C-4are expected to occur on the same) face of

Kinetic Isotope Effects for 3,5-Dideuterated Substrate in
the ColC ReactionTo determine whether deprotonation of
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Scheme 5 fact that substrate is bound to thiface of the nicotinamide
o meH ring in the active site of ColC. Since the kinetic isotope effect
' hEX . . X ; .
) &g el M%E}OHGDP Mem’%m of th|? step is relaltlve.:(y small (KIIE ;4:1: 0.5), |E{hls hydride A
o deor d NADH NAD* 1o O transfer is not a significant rate-limiting step. However, suc

3 areduction is essential to drive the equilibrium to completion.

) ) ) ) In summary, nature has devised many elegant methods to
the Schiff base complex, since such a single reactive face qnsiruct deoxyhexosesd). The transformations catalyzed
has been establls_hed as a general trait for COeNZYMeyy ColD and ColC represent a new paradigm of deoxygen-
Be-dependent reaction87, 38). As a result, the dehydration  4iion where the €0 bond to be ruptured is at theposition
catalyzed by ColD is likely @ynelimination. Overall, the 5 3 keto group. This mechanistic variation is a testimony to

utilization of PMP in a dehydration reaction is unique, but he eyolutionary diversity of biological €0 bond cleavage
the combined deoxygenatietransamination activity truly — oyents.

places ColD in a class by itself. The chemistry elucidated
by this study represents a new mechanistic strategy used byACKNOWLEDGMENT
nature to perform sugar deoxygenation.
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