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ABSTRACT: The first positive evidence for the utilization of a direct C-@xidation/reduction mechanism

by ADP+.-glycerap-mannoheptose 6-epimerase is reported here. The epimerase (HIdD or AGME, formerly
RfaD) operates in the biosynthetic pathway ajlycerop-mannoheptose, which is a conserved sugar in

the core region of lipopolysaccharide (LPS) of Gram-negative bacteria. The stereochemical inversion
catalyzed by the epimerase is interesting as it occurs at an “unactivated” stereocenter that lacks an acidic
C—H bond, and therefore, a direct deprotonation/reprotonation mechanism cannot be employed. Instead,
the epimerase employs a transient oxidation strategy involving a tightly bound NA&fRctor. A recent

study ruled out mechanisms involving transient oxidation at'Gudd C-7' and supported a mechanism

that involves an initial oxidation directly at the C-@osition to generate &'é&eto intermediate (Read,

J. A., Ahmed, R. A., Morrison, J. P., Coleman, W. G., Jr., Tanner, M. E. (2004jn Chem Soc 126,
8878-8879). A subsequent nonstereospecific reduction of the ketone intermediate can generate either
epimer of the ADP-heptose. In this work, an intermediate analogue containing an aldehyde functionality
at C-8', ADP-3-p-manncehexodialdose, is prepared in order to probe the ability of the enzyme to catalyze
redox chemistry at this position. It is found that incubation of the aldehyde with a catalytic amount of the
epimerase leads to a dismutation process in which one-half of the material is oxidized t@-ADP-
mannuronic acid and the other half is reduced to ABB-mannose. Transient reduction of the enzyme-
bound NADP was monitored by UV spectroscopy and implicates the cofactor’s involvement during
catalysis.

Lipopolysaccharide (LPS)s a glycolipid that constitutes ~ Thus, the enzymes involved in the biosynthesis of higher
the outermost surface of Gram-negative bactei&). It is order sugars in the core region of LPS are potential
composed of lipid A (endotoxin), which anchors LPS to the therapeutic targets for the development of agents that could
outer cellular membrane, a core domain, and the im- be used in tandem with available antibiotics.
munogenic O-antigen repeat polymer, which is an oligo- | p-Hep is incorporated into the LPS via an ADP-linked
saccharide of £40 units that varies from strain to strain of sugar nucleotide by the action of a transferase enzyme
bacteria. The core region is a nonrepeating oligosaccharide(Figure 1) @). It has recently been determined that the ADP-
consisting of 6-10 core sugarsH, coli K-12) and contains  heptose is formed as thé-anomer, which is somewhat

the unusual higher order sugars 3-deoxgranncoct-2- unusual for sugar nucleotided, (5). The biosynthesis of
ulosonic acid (Kdo) and-glycerop-mannoheptose I(,b- ADP-3-L-glycerap-mannoheptose (ADR-,b-Hep) involves
Hep). Functionally, the core region is a barrier to antibiotics, five steps and four enzymes starting from sedoheptulose
as evidenced by studies of mutant strainsEofcoli K-12 7-phosphate. An isomerase, GmhA, first generatesHep

and other Gram-negative mutant bacteria that bear truncated’-phosphate, and then the kinase activity of the bifunctional

LPS lacking core oligosaccharides. These mutant bacteriaenzyme, HIdE, gives-p,0-Hep 1,7-bisphosphate. A phos-

with truncated LPS are viable but show increased suscep-phatase, GmhB, cleaves the phosphate at C-7 tof3ive-

tibility to hydrophobic antibiotics and reduced pathogenicity. Hep 1-phosphate, and the second activity of HIJE catalyzes
a pyrophosphorylation reaction to give ADREb-Hep. Fi-

nally, ADP+,pb-Hep i ner reversibl imeriza-
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Ficure 1: The biosynthesis of ADP-L-glycerop-manneheptose  required conformational reorientation are quite different in
and its incorporation into lipopolysaccharide. The reaction catalyzed these enzymes

by ADP-L-glycerap-manneheptose 6-epimerase, HIdD, is boxed. . .
y gl P P One strategy that could be used to provide positive

7). For this reason, a strategy involving a deprotonation/ evidence for the involvement of oxidation/reduction at'C-6

reprotonation sequence directly at the site of stereoinversioniS 1© test the catalytic competence of ttiekgto-intermediate
cannot be employed. Clues to the nature of the epimerase?y incubating it with a reduced form of epimerase (NADPH
mechanism lie in the observations that it tightly binds 1 equiv °ound) and observing its conversion into a mixture of
of NADP(H) and that it belongs to the short-chain dehy- €Pimeric ADP-heptoses. Thls'experlment is challenglng to
drogenase/reductase (SDR) superfamily of enzy®e4 (). perform as it requires a technically demanding synthesis of

This strongly suggests that ADPs-Hep 6-epimerase uses the 8'-keto-intermediate as well as the preparation of the
NADP* to transiently oxidize its substrate during catalysis. VADPH form of the enzyme (the cofactor will not exchange

The structure of ADR-p-Hep 6-epimerase complexed to with free species under normgl incubation conditiorig) (

ADP-a-glucose is known and clearly supports this notion Furthermore, product analysis would be hampered by the
as the sugar is bound in close proximity to the nicotinamide stoichiometric nature of t_he reaction smc_e_large quantities
ring of the cofactor ). It is difficult to deduce the site of ~ Of €nZyme would be required to prepare milligram quantities

oxidation from this structure, however, as the electron density ©f Product. , , _
for the glucose is disordered and several bound conforma- !N this work, we describe the use of an alternate intermedi-
tions are observed. This is likely a result of the differing &€ analogue, ADPB-b-mannchexodialdosel (Figure 2,
stereochemistry between ADRs-glucose and ADRB-L,p- ms_et) to provide direct ewdence_for the ability _(_)f the
Hep at both C-1 and C-2. Reasonable chemical mecha- epimerase to catalyze redox chgmlstry at the”@;ﬁs_mon
nisms can be drawn that involve transient oxidation at'c-4 Of @/-linked ADP-sugar nucleotide. The aldehyde is found
C-6', or C-7', and the distinction between them has been 0 undergo a dismutation into equal amounts of ADB-
addressed in a recent studyl). The observation that neither ~Mmannuronic acid and ADB-b-mannose when incubated
180 nor 2H isotopes were incorporated into product from With catalytic amounts of ADR;p-Hep 6-epimerase.

solvent during catalysis argues.against mec_:hanisms that relyEXPERIMENTAL PROCEDURES

on proton transfer or dehydration/rehydration to invert the

stereochemistry. In addition, it was observed that'Gxdd Materials and General MethodsAll chemicals were
C-7" deoxy substrate analogues also undergo epimerization purchased from Sigma-Aldrich and used without further
which argues strongly against mechanisms that rely onrefinement unless otherwise noted. Dry solvents were
transient oxidation at these positions during catalysis. Thesedistilled fresh using Cafl(methylene chloride, pyridine,
observations provided indirect evidence in support of a DMSQO) or Na/benzophenone (THF) as drying agent. Inor-
scenario whereby the epimerase first oxidizes the substrateganic pyrophosphatase (from yeast) was purchased from
at C-8' to generate a 6-keto-intermediate (Figure 2). A Roche Diagnostics Corporation. Protein concentrations were
reorientation of the ketone and/or cofactor such that the determined by the method of Bradford using bovine serum
opposite face of the carbonyl is exposed to the cofactor thenalbumin as standardl). 'H NMR spectra were obtained
takes place, and a subsequent reduction generates the produoh a Bruker AV300 or AV400 spectrometer at a field
epimer. Precedence for this overall strategy can be found instrength of 300 or 400 MHz, respectively. Proton-decoupled
two other well-studied SDR family members: UDP-galactose 3P NMR spectra were recorded on these spectrometers at
4-epimeraseq, 12—15) and CDP-tyvelose 2-epimerasks( 121.5 or 162 MHz, respectively. Mass spectrometry was
17). However, both the site of transient oxidation and the performed by the Mass Spectrometry Center at UBC by
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electrospray ionization (ESIMS) using a Waters Micromass buffer minus aprotinin and pepstatin plus 500 mM NacCl)
LCT mass spectrometer. containing 5 mM imidazole. The filtered cell lysate was
Cloning of hldD and hldEThe hldD (formerly rfaD or loaded at 2 mL mint, and start buffer{8 CV) was passed
waaD)? andhldE (formerly rfaE) genes (GenBank accession through the column at 3 mL mid until no more flow-
numbers P67910 and P76658, respectivelywere ampli- through protein eluted, as determined by UV observation at
fied by the polymerase chain reaction (PCR) udtsgheri- 280 nm. A wash with running buffer containing 125 mM
chia coli K-12 W3110 genomic DNA as template. Oligo- imidazole was used to remove nonspecifically bound proteins
nucleotide primers, synthesized by the Nucleic Acids Protein (~4 CV used). Histidine-tagged protein was finally eluted
Services (NAPS) Unit at UBC, included overhangs for with 3—4 CV of running buffer containing 500 mM
ligation-independent cloning: '"B5GTATTGAGGGTCG- imidazole. Fractions containing the enzyme were pooled and
CATGATCATCGTTACCGGCGGC-3(forward sequence, dialyzed overnight against a 1:100 volume of dialysis buffer.
hldD), 5-AGAGGAGAGTTAGAGCCTTATGCGTCGC- In the case of HIdD, the buffer was 10 mM Tris-HCI, pH
GATTCAGCC-3 (reverse sequencéhldD), 5-GGTAT- 8.0, containing 2.5 mM EDTA, 5 mMB-mercaptoethanol,
TGAGGGTCGCATGAAAGTAACGCTGCCAGAG-3(for- and 10% glycerol. In the case of HIdE, the buffer was 20
ward sequencehldE), and 3-AGAGGAGAGTTAGAGC- mM triethanolamine-HCI, pH 8.0, containing 1 mM DTT
CATCTGTGAACCGCTTTCC-3(reverse sequenchldE). and 10% glycerol. Enzymes were concentrated by ultrafil-
A general procedure is as follows: 54 of 10x PCR tration (Amicon Ultra-4, 10 000 MWCO) to-820 mg mL%,
buffer (Invitrogen), 1.QuL of 10 mM dNTP mix, 1.5uL of and 25-500uL aliquots were flash-frozen in liquid Nand
50 mM MgCh, ~0.1uL of E. coli K-12 W3110 cell pellet, stored at-80°C. Enzymes could be stored-aB0 °C for at
25 pmol of each primer, 0.24 of 5 U/uL Tagpolymerase, least 12 months without significant loss in activity. The mass
and distilled HO to a total volume of 5@L were added to  of His-tagged epimerase HIdD was 39 860 Da (versus 39 862
a 200uL PCR tube. DNA was amplified using an iCycler Da calculated) as determined by electrospray mass spec-
thermal cycler (Bio-Rad) according to the following cycles: trometry.
one cycle of 3 min at 94C; 30 cycles of 60 s at 92C, 60 Synthesis of ,2,3,4-Tetra-O-acetyl-§-dideoxyp-b-manno-
s at 55°C, and 90 s at 72C followed by cooling to 4°C. hept-6-enopyranos@ To a solution of 3.00 g (8.61 mmol)
The PCR product was cloned into the pET-30 Xa/ LIC vector of 2 (19) in 45 mL of dry DMSO under argon, 11.0 g (26.0
(Novagen) using the ligation-independent cloning method mmol) of N-cyclohexylN'-(2-morpholinoethyl)carbodiimide
according to the manufacturer’'s directions. The resulting methylp-toluenesulfonate (Fluka) was added. To this solu-
plasmid, that encodes for the protein fused to an N-terminal tion, 1.1 mL dichloroacetic acid (13.4 mmol) was added via
43-residue peptide containing a hexahistidine tag, was syringe, and the resulting solution was stirred in a cool water
transformed into NovaBlue Singles chemically competent bath. After 3 h, the reaction mixture was poured into 250
E. coli cells (Novagen). The presence of the gene was mL of ice-cold distilled water and extracted with ice-cold
confirmed by colony PCR and DNA sequencing. ethyl acetate (4 100 mL). The pooled organic layers were
Overexpression and Purification of Histidine-Tagged extracted with ice-cold distilled water (8 100 mL), and
HIdD and HIJE Overexpression of HIdD and HIJE was the pooled aqueous layers were back-extracted with 100 mL
performed as described in the following generic procedure. of ice-cold ethyl acetate. The pooled organic layers were
The recombinants were transformed into expression hostthen washed with ice-cold NaCl brine and dried over sodium
cells, JIM109 chemically competeiis. coli, which were sulfate. Evaporation of the solvent gave 2.43 g of a pale
incubated overnight at 37C with shaking at 225 rpm in 10  yellow residue. The crude aldehyde product was used
mL Luria—Bertani (LB) medium containing 3@g mL™* immediately without further purification in the following
kanamycin. The overnight cultures were poured into 500 mL methylenation reaction with the Lombardo reagent. The
LB medium containing 3@tg mL~* kanamycin and grown  Lombardo reagent was prepared by cooling-t40 °C a
at 37°C with shaking at 225 rpm until an Q) of 0.6—0.9 solution of 11.5 g (17.6 mmol) of zinc dust in 100 mL of
was reached. Cells were induced for overexpression bydry THF with 4.05 mL (8.0 mmol) of dibromomethane and
addition of 120 mg L* (0.5 mM) isopropyl3-b-galactopy- adding dropwise 4.6 mL (5.7 mmol) of neat TiCIThe
ranoside (IPTG), and the cultures were allowed to continue Lombardo reagent was allowed to stir-at0 °C for 2 h,
growth until an ORy of 1.6—1.8 was reached+6 h). Cells then at 4°C for 2 days prior to use. The entire crude aldehyde
were harvested at 4000 rpm for 30 min and resuspended inproduct was dissolved in 50 mL of dry methylene chloride
lysis buffer. In the case of HIdD, TEM lysis buffer was used and cooled on ice. The entire Lombardo reagent was added
(10 mM Tris-HCI, 2.5 mM EDTA, pH 8.0, 5 m\p-mer- to the aldehyde solution and stirred for 30 min & The
captoethanol) with kg mL™! pepstatin A and g mL™! reaction mixture was then poured into 250 mL of saturated
aprotinin added. The buffer used for HIJE was 20 mM sodium bicarbonate solution with 500 mL of ethyl acetate
triethanolamine-HCI (pH 8.0) with 1 mM DTT, &g mL™*! and stirred vigorously until evolution of gas dissipated.(
pepstatin A, and &g mL~* aprotinin added. Cells were lysed h). The resulting mixture was filtered through Celite, and
at 20 000 psi in an ice-cooled French pressure cell. The cellthe two layers were separated. The aqueous layer was
lysate was clarified by centrifugation at 6000 rpm for 40 extracted with ethyl acetate (2 100 mL). The combined
min and filtered through a 0 4M membrane prior to affinity ~ organic layers were washed with 200 mL of water and brine
chromatography. (3 x 100 mL) and dried over sodium sulfate. Evaporation
A 10 mL column containing Chelating Sepharose Fast of the solvent gave 1.61 g of a yellow residue. Purification
Flow resin (Pharmacia Biotech) was charged with 2 column by column chromatography (3:1 petroleum ether/ethyl ac-
volumes (CV) of 100 mM NiS®followed by washing with etate, silica gel) gave 343 mg (0.995 mmalps a white
2 CV of distilled HO and 3 CV of running buffer (lysis  solid (11.6% yield).*H NMR (CDCk): ¢ 5.89 (d, 1H,J;»
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= 1.2 Hz, H1), 5.80 (ddd, 1H)s¢ = 7.2 Hz,Js7a = 17.2
Hz, Js 0= 10.4 Hz, H6), 5.49 (dd, 1HL ;= 1.2 Hz,J, 3=
3.2 Hz, H2), 5.38 (d, 1HJs—7a = 17.2 Hz, H7a), 5.30 (d,
1H, Js-7p = 10.4 Hz, H7b), 5.19 (dd, 1H]s4 = 10.0 Hz,
J4‘5= 10.0 HZ, H4), 5.13 (dd, lH.]2‘3= 2.8 HZ,J3’4= 10.0
Hz, H3), 3.94 (dd, 1HJ,5 = 8.2 Hz,Js6 = 8.2 Hz, H5),
2.21,2.10,2.01,2.00 (4 s, 12H40ACc); ESIMSM/z 367.2
[M + Na']. Anal. Calcd for GsH00q: C, 52.32; H, 5.85.
Found: C, 52.46; H, 6.24.

Synthesis of ,3,4-Tri-O-acetyl-67-dideoxyp-manno-hept-
6-enopyranosd. To a solution of 421 mg (1.22 mmol) &f
in 5 mL of acetonitrile, 1.1 mL ©5 M dimethylamine (5.5

Morrison et al.

(CDCl): 6 —1.65 (s); ESIMS1/z585.2 [M+ Na']. Anal.
Calcd for G7H3,0.,P: C, 57.65; H, 5.55. Found: C, 58.04;
H, 5.76.

Synthesis of Adenosine Diphosphw-manno-hexodial-
dosel. A solution of 19.7 mg ob (0.036 mmol) in 10 mL
of methylene chloride was cooled to78 °C in a dry-ice/
acetone bath, then ozone was bubbled through until a faint
blue color persisted in the solution-$ min). Dimethyl
sulfide (1 mL) was then added, and the solution was allowed
to warm to room temperature. Upon evaporation of the
solvent, the subsequent hydrogenolysis was performed
without delay. The crude aldehyde was dissolved in 10 mL

mmol, in ethanol, Fluka) was added and allowed to stir at of 1:1 methanol/ethyl acetate, and 35 mg of 5% Pd/C was
room temperature for 1.5 h. Crude product was recoveredadded. The solution was vigorously stirred under 1 atm of

by rotary evaporation. Purification by column chromatog-

H, for 1 h. The reaction mixture was then filtered through

raphy (5:2 petroleum ether/ethyl acetate, silica gel) yielded Celite, and the solvent was evaporated. The crude product

314 mg of4 (85.2% vyield)."H NMR (CDCl) (~7:1 ratio
of a- to f-anomers, as determined by integration of H5
signals. Assignment of the- andS-anomeric signals is based
upon selective NOE experiments in which H5 theand
p-anomers were irradiated in individual experiments)A-
nomer:d 5.78 (ddd, 1H,J5'6= 7.6 HZ,JGJa: 17.2 HZ,J6'7b

= 10.4 Hz, H6), 5.40 (dd, 1Hl, 3= 3.4 Hz,J3 4= 10.2 Hz,
H3), 5.33 (d, 1HJs7a= 17.2, H7a), 5.26 (d, 1H}, 3= 3.2
Hz, H2), 5.25 (d, 1HJs7, = 10.4 Hz, H7b), 5.19 (s, 1H,
H1), 5.15 (dd, 1H,)3 4= 10.2 Hz,J45 = 10.2 Hz, H4), 4.39
(dd, 1H,J45 = 9.6 Hz,Js6 = 8.0 Hz, H5), 2.13, 1.98, 1.97
(3 s, 9H, 3x OACc). f-Anomer: 6 5.83-5.73 (H6, signals
overlapped by H6 of the-anomer), 5.425.05 (H2, H3,
H4, H7a, H7b, signals overlapped by those ofdh@anomer),
4.97 (s, 1H, H1), 3.85 (ddJss = 8.0 Hz,Js6 = 8.0 Hz,
H5), 2.19 (s, 3H, OAc), 1.98, 1.97 (2 OAc, signals
overlapped by those of the-anomer); ESIMS1/z 325.0
[M + Na']. Anal. Calcd for GsH150s: C, 51.65; H, 6.00.
Found: C, 52.26; H, 5.87.

Synthesis of Dibenzyl24-Tri-O-acetyl-67-dideoxyp-p-
manno-hept-6-enopyranosyl Phosphatelo a solution of
291 mg (0.964 mmol) ot and 69.0 mg of 1,2,4-triazole
(3.86 mmol) in 5.0 mL of dry methylene chloride under an
argon atmosphere, 850 (2.41 mmol) of 85% dibenzyl
N,N-diethylphosphoramidite was added. After stirring at

was immediately dissolved in 3 mL of cold 3:4:0.3 methanol/
0.1 M triethylammonium bicarbonate buffer/triethylamine
(pH 11) and allowed to sit at20 °C for 4 days. The solution
was then diluted 3-fold with water, was frozen, and was
lyophilized to a yellow residue. This residue was dissolved
in 6 mL of a solution containing 50 mM Tris-HCI buffer,
pH 8.0, containing 5 mM MgG] 22 mg of ATP (0.040
mmol), 400ug of HIJE, and 2Qug of inorganic pyrophos-
phatase and was allowed to sit at room temperature for 16
h. Separation by anion exchange column chromatography
(DE-52 resin, linear gradient from 0.1 to 0.5 M of triethy-
lammonium bicarbonate buffer, pH 7.5) afforded 0.021 mmol
of ADP-sugars (as determined by UV measurement at 259
nm), 58% yield. Compound constitutes~75% of the
product mixture, as determined by HPL'E, and®'P NMR,

and mass spectrometry observatidghsNMR (D0): ¢ 8.39

(s, 1H, H8), 8.15 (s, 1H, H2), 6.03 (d, 1Ky » = 6.0 Hz,
H1'), 5.15 (d, 1HJ;»—p = 8.8 Hz, H1'), 5.06 (d, 1HJs 6"

= 2.0 Hz, H@"), 4.60-4.70 (obscured by solvent peak, 2
4.41 (dd, 1HJ>_3 = 5.1 Hz,J3—+» =3.5 Hz, H3), 4.28 (dd,
1H,J3_» = 2.7 Hz,Jy_5 = 2.7 Hz, H4), 4.12 (m, 2H, HY),

3.98 (d, 1H,Jp—3 = 2.6 Hz, H2"), 3.59 (dd, 1HJ3—s =

9.3 Hz,Jy—s = 9.3 Hz, H4'), 3.54 (dd, 1HJy—3- = 2.7

Hz, Js—4 = 9.1 Hz, H3), 3.23 (dd, 1HJs—5 = 9.3 Hz,
Js—g» = 1.8 Hz, H8'), 2.90 (q, 12HJ = 7.3 Hz, [HN(CH,-

room temperature for 2 h, 30 mL of diethyl ether was added, CHs)3]*), 1.09 (t, 18H,J = 7.4 Hz, [HN(CHCHj3)3] ). 3P
and the organic solution was washed with saturated sodiumNMR (D2O): ¢ —10.24 (d, 1P, Jps—ps = 21.0 Hz, Ry),

bicarbonate solution (X% 15 mL) and NaCl brine (3« 10

—12.05 (d, 1P Jpo—ps = 20.9 Hz, BB); ESIMS m/z 618.1

mL). The organic layer was dried over sodium sulfate and [M + MeOH — H*] (hemiacetal with methanol solvent).

evaporated to a pale yellow oil. The oil was dissolved in 9

mL of THF and cooled to-78 °C, then 1.9 mL of 30%

NMR Obsepation of HIdD Catalyzed Dismutation of
ADP-$-p-mannehexodialdosel. The epimerase was ex-

H,O, was added and the solution was allowed to warm to changed into 10 mM deuterated potassium phosphate buffer
room temperature over 2 h. Diethyl ether (30 mL) was then (pH 8.0) by ultrafiltration as follows: 7@L of a 7.9 mg
added, and the organic solution was washed with saturatedmL~! (0.55 mg) HIdD solution that had thawed on ice was

sodium bicarbonate solution (8 15 mL) and NaCl brine
(83 x 10 mL). The organic layer was dried over sodium

added to an ultrafiltration device (Amicon Ultra-4, 10 000
MWCO) with 1.0 mL of deuterated buffer, and the solution

sulfate and evaporated to give a pale yellow oil. Purification was centrifuged at 5000 rpm for 10 min. Addition of 1.0
by column chromatography (1:1 petroleum ether/diethyl ether mL of deuterated buffer followed by centrifugation was

to 100% diethyl ether, silica gel) gave 133 mgaads a pale
yellow ail (25.3% yield).*H NMR (CDCk): 6 7.33 (m, 10H,
Ph), 5.80 (ddd, 1H)s 6= 7.2 Hz,J5-7a= 17.2 HZ,J5-7p =
10.4 Hz, H6), 5.485.45 (m, 2H, H1 and H2), 5.35 (d, 1H,
Jo-7a= 16.6 Hz, H7a), 5.28 (d, 1Hls_7, = 10.4, H7b), 5.16
(dd, 1H,J34 = 9.8 Hz,J45 = 9.8 Hz, H4), 5.08-5.02 (m,
5H, PhQH, and H3), 3.92 (dd, 1H)y5 = 9.5 Hz,J55= 7.4
Hz, H5), 2.15, 2.01, 2.00 (3 s, 9H, 8 OAc). 3P NMR

repeated twice more, such that the enzyme was finally
dissolved in 7QuL of 10 mM deuterated buffer. The entire
70 uL was then added to a solution of 4.8#ol of ADP-
sugars £75% aldehydd) and 43QuL of 10 mM deuterated

pH 8.0 potassium phosphate buffer to generate a solution
containing 9.9 mM ADP-sugar and 28V HIdD. *H and

3P NMR spectra were collected immediately and then again
after a 12 h incubation at 37C.
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Ficure 3: Synthesis and buffer-catalyzed hydration of compolinthset shows putative side-prodi:t

Isolation of ADPB-p-mannuronate Crude dismutation
reaction mixtures from several incubation experiments were
pooled (total of 0.017 mmol of ADP-sugars) and loaded onto
a DE-52 anion exchange column equipped with a UV
detector fops = 254 nm). A linear gradient from 0.1 to 0.8
M triethylammonium bicarbonate buffer (pH 7.4, total
volume 1 L) resulted in elution of two distinct fractions, one
which eluted at-0.25-0.35 M and one which eluted at0.4
M buffer concentration. The fractions were lyophilized, and
it was determined that the early fraction contained ABP-
p-mannose (by comparison with the NMR and mass spec-
trum of a synthetic sample; see Supporting Information)
eluting with ADP-sugar impurities, and the last eluting peak
is ADP--p-mannuronate (3.9 mmoty66% of theoretical
yield). 'H NMR (D;O): ¢ 8.42 (s, 1H, H8), 8.17 (s, 1H,
H2), 6.05 (d, 1HJy > = 6.1 Hz, H1), 5.16 (d, 1HJ1"—py =
8.8 Hz, H1'), 4.65-4.75 (obscured by solvent peak, {2
4.43 (dd, 1H,Jy—3 = 5.0 Hz,J3—4 = 3.4 Hz, H3), 4.30
(dd, 1H,J3-4 = 2.8 Hz,Jy—5 = 2.8 Hz, H4), 4.12 (m, 2H,
H5'), 3.98 (d, 1HJ,»—3» = 3.0 Hz, H2'), 3.64 (dd, 1HJ3'—4
=9.5Hz,Jy—5 = 9.5 Hz, H4'), 3.57 (dd, 1HJy'—3 = 3.3
Hz, J3—4» = 9.1 Hz, H3"), 3.55 (d, 1H,Jy—5 = 9.7 Hz,
H5"), 2.95 (q, 18H,) = 7.3 Hz, [HN(CH,CHs)3] ), 1.12 (t,
27H,J = 7.3 Hz, [HN(CHCH3)3] ). 3P NMR (D:O): ¢
—10.89 (d, 1PJpy—ps = 20.1 Hz, Rx), —12.96 (d, 1PJpe—ps
= 20.6 Hz, B); ESIMS m/z 646.0 [M — 3H" + 2Na'],

UV Obsepation of Transient HldD-Bound NADPH he

uL of a 1 M NaBH;, solution was added, and the resulting

absorbance was immediately measured.

RESULTS

Cloning Overexpressionand Purification of HIdD and
HIdE. The hldD and hldE genes were individually cloned
from Escherichia coliK-12 genomic DNA with the intro-
duction of a coding region for an N-terminal polyhistidine
affinity purification tag. The recombinant proteins were
expressed irE. coli and purified by Ni* affinity chroma-
tography. An analysis by SDSPAGE revealed the expected
subunit molecular weights (39 and 60 kDa for HIdD and
HIdE, respectively) and indicated purities 8f95%. The
purified enzymes were stored a80 °C for a maximum of
12 months without significant loss of activity.

Synthesis and Characterization of A[FPe-manno-hexo-
dialdosel. The synthetic strategy used to prepare ABP-
p-mannehexodialdosel (Figure 3) was adapted from a
previous report on the synthesis of UBPs-gluco-hexodi-
aldose 20). Fromp-mannose, C-6 tritylation, peracetylation,
and detritylation gave crystallirz(19), which was identified
as thes-anomer using selective NOE experiments. A mild
Moffat oxidation of 2 gave the appropriate aldehyd2l);
however, this product was found to be unstable and not
isolable by conventional silica gel chromatography. This is
likely due to the facilg3-elimination of the C-4 acetate that
is known to cause instability in related compoungg)(To

epimerase was exchanged into 10 mM potassium phosphaterotect this sensitive functionality, a mild Lombardo meth-

buffer (pH 8.0) by ultrafiltration as follows: 25@L of a
19.0 mg mL? (4.7 mg) HIdD solution was added to an
ultrafiltration device (Amicon Ultra-4, 10 000 MWCO) with
2.25 mL of buffer, and the solution was centrifuged at 6000
rpm for 20 min to give a final volume of 25@L. This was
repeated twice more, and buffer was finally added to give
1.5 mL of a final solution in which the protein concentration
was measured to be 3.08 mg/mL ([epimerase subenitB
uM). A 500 uL aliquot of the HIdD solution was added to
a quartz cuvette and was monitored at 354 nm. After 5 min,
10 uL of a 16.9 mM solution ofl (final concentration of
331 uM) was added with thorough mixing. After 2.5 h, 10

ylenation of the crude aldehyde mixture gave alkgnghich
proved to be more robust and readily isolab®3)( The
anomeric acetyl group of alkeng was then selectively
removed with dimethylamine to givg and phosphitylation
followed by oxidation yielded a 3:1 mixture af- and
pB-glycosyl dibenzyl phosphates, a ratio in agreement with
previous phosphorylations of mannopyranosyl sugafs (
24). The two anomers were separated using conventional
silica gel chromatography, and their stereochemistry was
assigned based on selective NOE difference spectra of the
isolated products. Th@g-anomer5 was identified by the
observation of an NOE enhancement at H1 upon irradiation
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of H5. With theS-dibenzyl phosphatB in hand, it was then
necessary to remove the protecting groups and introduce the : HO 8&” ©

ADP functionality using the pyrophosphorylase activity of | Hog&omp
the recombinant HIJE (Figure 1). Because of the sensitive 618.1 /HO

nature of the free aldehyde, all four steps were carried out
without purification of the intermediate compounds.
Ozonolysis was used to unmask the C-6 aldehyde, and
hydrogenolysis followed by a mild basic hydrolysis removed
both the benzyl and acetyl protecting groups. The resulting
crude g-phosphate was incubated with HIdE, ATP, and 556.2
pyrophosphatase, and the reaction was monitoredBy ] 553i @00‘.5108'1L
NMR spectroscopy. The appearance of two doublets at 0 == v b - . -
—10.24 and—12.05 ppm confirmed that a sugar nucleotide 560 580 600 620 B40 660 680
was being generated and that the HIAE enzyme was accepting mz

the 6-aldehydo-mannosyl phosphate as an alternate substrate. B HO— oOH +Na*
lon-exchange chromatography was used to partially purify “{t=12hrs HS&J&OADP

the aldehydel which was found to be approximately 75% / 0w O

pure. No further purification was attempted as compoilnd 610.1 OH +2Na
A% (A _oaop

592.2

=}
—

||>
o

Intensity x10°
FcN

L]
L

[on]
[=)

-
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R

was found to be sensitive to acid, base, and conditions of
high ionic strength.

Compoundl was characterized by bothl and3'P NMR
spectroscopy. A key signal was that of the ‘Cpsoton which
appears at 5.06 ppm and indicates that the aldehyde exists
primarily as the hydrate in aqueous solution (Figure 3). This 1
is in excellent agreement with previous reports on UiDP- ] fas_ﬂ
p-gluco-hexodialdoseZ0). Mass spectral analysis taken from 0.0 560 580 600 B20 G640 BAO 680
a sample ofl dissolved in methanol showed a major signal m/z
with a mass corresponding to the expected product in aFicure 4: ESI mass spectra (MeOH, negative mode): (A) ADP-
hemiacetal form with a molecule of methanol (ESIMtx B-p-mannehexodialdosel; (B) ADP-S-b-mannuronic acid and
618 [M + MeOH — H*]) and a minor signal for the free ADP-f-p-mannose, generated by the incubationlofith ADP-
aldehyde (ESIMSm/z 586 [M — H*]) (Figure 4A). The  -PHep 6-epimerase at 3T, pH 8, for 12 h.
major impurity present (15%) was assigned to bedlfe Ho. OH o
unsaturated aldehydi(Figure 3, inset) based on both mass OH O oH
spectral (ESIMSm/z 568 [M — HT]) and 1H_ NMR data Hﬁ)(;éﬁ/oADp /_\ HHOOQ&/OADP
(notably an alkene signal at 5.5 ppm). It is likely that a
p-elimination occurred during the sensitive deacetylation step ~ Nvdrated aldehyde 1

Intensity x10%
P

e
5]
NP

ADP-D-mannuronate

and the resulting.,5-unsaturated aldehygephosphate was Eﬂ?gfafe' Epimerase-
P NADPH H
also accepted as a substrate by HIdE. HO OH OH
Obsewation of Dismutase Actity. When aldehydé was Ho/g&/ OADP v HO -0
incubated with a catalytic amount of ADRe-Hep 6-epi- HO ~—~ ~ HO OADP
merase, it was observed to undergo a dismutation reaction  ADP-D-mannose aldehyde 1

in which it was converted into equimolar amounts of the Fcure 5: The dismutation of ADB-p-mannehexodialdosel
reduced compound, ADP-b-mannose, and the oxidized catalyzed by ADR-D-Hep 6-epimerase.

compound, ADR3-p-mannuronic acid (Figure 5). When the

reaction was monitored byH NMR spectroscopy, the C“6 ization process, given comparable concentrations of enzyme
proton of the hydrated aldehyde was observed to completelyand substrate.

disappear. When monitored B$P NMR spectroscopy, the As both ADP#S-p-mannuronic acid and ADB-b-mannose

two doublets ofl at —10.24 (Ry) and —12.05 (FB) ppm are previously unknown compounds, their conclusive iden-
were transformed into two new sets of two doublets with tification required isolation and characterization of purified
similar chemical shifts. Perhaps most tellingly, mass spectral samples of these compounds. In the case of ARR-
analysis of the reaction showed that the signal correspondingmannuronic acid, it was possible to take advantage of the
to the methanol adduct dfhad completely disappeared and additional negative charge to isolate this product. The acid
had been replaced by signals corresponding to the massewas separated from the other ADP-sugars present via anion-
of ADP-3-p-mannuronic acid (ESIM®vVz 646 [M — 3H" exchange chromatography and was characterized dking

+ 2Na']) and ADP#-p-mannose (ESIMSWz 610 [M — and 3P NMR spectroscopies and mass spectrometry. The
2H" + Na']) in a ~1:1 ratio (Figure 4B). No reaction was presence of a distinctive C-&arboxylate carbon signal at
observed when compouridwas incubated under identical 170 ppm in the'3C spectrum was demonstrated via its
conditions in the absence of the epimerase. No attempts werebserved coupling with H:5using an HMBC NMR experi-
made to quantify the kinetics of the dismutation process given ment.

the presence of other sugar nucleotide impurities; however, Isolation of pure ADP3-p-mannose from the dismutation

a qualitative comparison showed the process took place at areaction via anion-exchange chromatography was less suc-
rate 2 orders of magnitude slower than the normal epimer- cessful. The ADP-sugar impurities, inseparable from ADP-
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04 T4 " injection of aldehydd., indicating that essentially all of the
I ‘ “ Amax = 354 NM enzyme-bound cofactor had been transiently reduced to
' NADPH during the dismutation. These observations clearly
demonstrate that the dismutation process is mediated by
reduction/oxidation of the enzyme bound cofactor.

DISCUSSION

The observation that ADP;pD-Hep 6-epimerase catalyzes
the dismutation of the aldehyde into a mixture of the
reduced compound, ADP-b-mannose, and the oxidized
compound, ADP3-p-mannuronic acid (Figure 5), provides
the first direct evidence that this enzyme employs a catalytic
L e e e mechanism involving oxidation/reduction at C-&f a
0 25 50 75 100 125 150 p-linked ADP-sugar. Overall, this process is the enzymatic
equivalent of the Cannizarro reaction in which two molecules
Foure 6 UV spectrophotometric detection of enzvme-bound of benzaldehyde disproportionate into an acid and an alcohol
NADPH during dFi)smutfftion of aldehdyk Trace of ab)éorbance in the prese_nce of hydrOXIdQ@' The enzymatic version is
versus time is monitored at 354 nm, and compotindas added ~ Somewhat different in that the hydride transfer does not occur
after 5 min. Inset shows a difference spectrum comparing the sampledirectly between the two aldehydes but is mediated by an
at time point A versus time point B. Spectra were collected in 10 enzyme bound cofactor. Initially, the majority of the enzyme
mM potassium phosphate buffer, pH 8.0, at®22with [HIdD] = is in an oxidized, NADP-containing state and readily binds
78uM and initial [1] = 331uM. the highly populated hydrated form of aldehyti@xidation

of the hydrate takes place to generate ABB-mannuronate
f-D-manncehexodialdoséd (vide supra), were also found to  in a thermodynamically favorable process. This rapidly drives
coelute with the alcohol. To conclusively assign its structure, all of the enzyme into the reduced, NADPH-containing state
ADP-$-p-mannose was independently synthesized (see Sup-as evidenced by the UV spectroscopic analysis. In a much
porting Information for details). A comparison of NMR and slower process, the reduced enzyme either binds the minor
mass spectral data obtained with the synthetic sample to thaunhydrated form of aldehydg from solution or catalyzes
obtained from the dismutation reaction confirmed that ADP- dehydration of the bound hydrate to produce the bound
B-D-mannose was the other product. carbonyl version ofl that may accept a hydride from

UV Spectrum of Transient Enzyme-Bound NADHHE NADPH and complete the cycle. Precedence for the enzyme-
provide evidence of redox cofactor involvement in the catalyzed dismutation of aldehdyes is well-documented in
dismutation reaction, the UV absorption band of bound studies on a variety of alcohol dehydrogenases, most notably
NADPH was monitored at 354 nm. Previous studies have horse liver alcohol dehydrogenag6(-33). For the process
shown that the recombinant epimerase is isolated with 1to occur, the active site of the dehydrogenase must be able
equiv of cofactor tightly bound in each active site; however, to accommodate the hydrated form of the aldehyde and orient
a significant fraction is always present as the inactive it in a fashion suitable for hydride transfer to the cofactor.
NADPH form (8, 10). The presence of bound NADPH is In the case of ADR-p-Hep 6-epimerase, the normal
evident from an absorbance band at 354 nm that is shiftedsubstrate is a secondary alcohol and the oxidized intermediate
to slightly higher wavelength than that of free NADPH (340 is a ketone. This enzyme readily accepts the unnatural
nm). In this work, the spectrum of the epimerase alone hydrated aldehyd# since a sterically smaller hydroxyl group
revealed an absorption at 354 nm demonstrating that aoccupies the position that is normally taken by the 'C-7
significant fraction of the enzyme was in the inactive reduced hydroxymethylene of the ADP-heptose.
form. Upon introduction of an approximate 4-fold excess of ~ While this study strongly supports a nonstereospecifi¢' C-6
aldehydetl, the absorption at 354 nm immediately increased oxidation/reduction mechanism, it does not address the nature
(within ~20 s), indicating that the bound cofactor had been of any reorientations that must take place during catalysis.
driven to the NADPH form (Figure 6). Over time, the Perhaps the simplest model is to consider an enzyme with
absorption at 354 nm returned to its previous level, indicating two binding sites that may accommodate either a hydroxyl
that the transiently formed NADPH had been oxidized back group or a hydroxymethylene group (Figure 7). Each site
to NADP* and that no net change in the redox state of the must also contain a single acid/base residue. One of these
enzyme-bound cofactor had taken place. A difference bases is almost certainly provided by the conserved triad of
spectrum, comparing the sample immediately after the Serl16, Tyr140, and Lys144 that act in concert in SDR
addition of aldehydd to the same sample after equilibrium family members9). The other may be supplied by an active
was established, showed that the transient absorbance had site residue such as Lys178 or Asp210. When one epimer
maximum at 354 nm as expected for the bound NADPH of ADP-heptose binds, the C-hydroxyl occupies one of
cofactor (Figure 6 inset). Once equilibrium was established, the sites and the C-tydroxymethylene occupies the other.
an excess of the reducing agent sodium borohydride wasThe C-8' hydride is oriented toward the NADRcofactor,
added, and an immediate (withtf20 s) increase in the 354 and deprotonation of the C:thydroxyl leads to formation
nm absorption was observed, consistent with quantitative of the oxidized ketone intermediate. When the other epimer
reduction of all enzyme-bound NADP(not shown). The binds, the two groups simply occupy the sites in a reversed
magnitude of the borohydride-induced absorbance changeorientation and the hydride is still positioned appropriately
was comparable to that observed immediately following the for hydride transfer to occur. In this scenario, the only

Absorbance at 354 nm

Time (min)
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Ficure 7: Postulated “two-site” mechanism for the reaction
catalyzed by ADR-,p-Hep 6-epimerase. Inset shows conceptual
Michaelis complex for hydrated.

reorientation required during catalysis is a rotation about the
C5'—C6" bond of the ketone intermediate and no motion
of either the cofactor or the ADP-pyranose moiety is
required. This is quite different from the other SDR super-

family members that utilize direct oxidation/reduction strate- 11

gies to catalyze epimerizations of sugar nucleotides. In UDP-
galactose 4-epimerase, the oxidation takes place at the C-4
position of the pyranose rings(12—15). In order for the 12
opposite face of the carbonyl group to be exposed to the
reduced cofactor, the entire pyranose moiety must flip by
180 within the active site of the enzyme. This occurs via
rotations of the bonds linking the pyranose to the UDP group
and results in an enzyme that has little recognition for the
hexose itself. In CDP-tyvelose 2-epimerase, the oxidation
must occur at C-2 of the pyranose rirld(17). In this case, 1
much less is understood about the reorientation required
during the lifetime of the intermediate, but it is clearly more
complex than that required with ADEp-Hep 6-epimerase.

While the full details of the ADR-p-Hep 6-epimerase
reaction remain to be elucidated, the mechanism proposed
above provides guidelines for future experiments. Aldehyde
1 will serve as a useful mechanistic probe as one would
expect the hydrated form to bind with one hydroxyl in each
of the catalytic sites (Figure 7, inset). Thus, the introduction
of key mutations that destroy the ability of a given site to
promote hydride transfer should lead to a dramatic loss of 19
epimerase activity yet should leave significant dismutase
activity intact.
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