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Uridine Diphosphe-a-D-gluco-hexodialdose:
Synthesis and Kinetic Competence in

the Reaction Catalyzed by UDP-Glucose
Dehydrogenase**

Robert E. Campbell and Martin E. Tanner*
UDP-glucose dehydrogenase catalyzes the irreversible

NAD*-dependent oxidation of UDP-glucose to UDP-glu-
curonic acid (Scheme 1).1'In mammals the product of this reac-
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Scheme 1. Proposed mechanism for the reaction catalyzed by UDP-glucose dehy-
drogenase.

tion is used in the liver to tag waste metabolites for excretion,?!
and in the biosynthesis of glycosaminoglycans such as heparin®!
and hyaluronic acid.!*) In many strains of pathogenic bacteria,
such as group A streptococcil® and Streptococcus pneumoniae
type 3,1 it provides glucuronic acid, which is used in the con-
struction of an antiphagocytic capsule. This capsule allows the
bacteria to evade the immune system of the host and is thus
responsible for their virulence.l” ™!

UDP-glucose dehydrogenase belongs to a small class of en-
zymes that are capable of carrying out the twofold oxidation of
an alcohol to an acid without the release of an aldehyde interme-
diate.!!) The putative intermediate, uridine diphospho-o-D-
gluco-hexodialdose (1), has therefore never been detected nor
trapped with carbonyl-modifying reagents.['®~'2! In previous
work on the bovine liver enzyme it was suggested that the alde-
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hyde is not an actual intermediate in the reaction and that the
alcohol is converted directly to an enzyme-linked imine, which
is held through a lysine side chain.!' This is somewhat at odds
with a report that only one solvent-derived oxygen atom is
found in the product acid."# If an imine intermediate was
formed one would expect both carboxylate oxygen atoms to
come from solvent. In order to support the notion that 1 itis a
tightly bound intermediate, we have synthesized it and mea-
sured the kinetic parameters that describe its oxidation by the
enzyme.

Earlier work reported that 1 can be obtained from UDP-glu-
cose with UDP-galactose 4-epimerase and galactose oxi-
dase.!*" 131 This procedure tended only to work on a very small
scale and required large amounts of expensive enzymes. Fur-
thermore, the procedure neccesarily yielded an inseparable mix-
ture of epimers at the C4 position, and no spectroscopic charac-
terization of the product or indication of purity was reported.
Therefore, we chose to carry out the stepwise synthesis of 1.

A relatively recent paper by Miiller and Schmidt!* ! outlining
the preparation of a dTDP-ketosugar prompted us to use an
alkene as a protecting group for the sensitive aldehyde function-
ality (Scheme 2). The synthesis begins with an oxidation at C6
of the known tetraacetylated glucose 2.8 It is well documented
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Scheme 2. Stepwise synthesis of 1 with an alkene as a protecting group for the
sensitive aldehyde functionality.

that a facile B-elimination reaction occurs to give the «,f-unsat-
urated enone in these systems;!* 7”1 however, a Moffat oxidation
is mild enough to minimize this elimination in related com-
pounds.[!®] The water-soluble coupling reagent CMC was used
in place of N,N’-dicyclohexylcarbodiimide because the resulting
urea derivative can easily be removed by extraction. We thus
prepared aldehyde 3 and immediately used it without complete
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purification. The alkene was introduced with Lombardo’s
reagent,''® and 4 isolated in an overall yield of 12% based on
2 (Table 1). The a-phosphate was prepared by a modified Mac-
Donald reaction!?® in neat phosphoric acid at 50°C. No -
anomer was detected. The acetyl groups were removed with

Table 1. Selected physical data for 1, 4, and 5.

1 (disodium salt): '"H NMR (400 MHz, D,0): 6 = 3.51(m, 2H, H2", H4"), 3.74 (dd,
J=9595Hz 1H,H3"),3.83(dd, J =1.3,10.0 Hz, 1 H, H5"),4.16-4.42 (m, 4H,
H3', H4., H5),4.34 (d, J = 3.3Hz, 1 H, H2), 5.17 (d, J =1.3 Hz, 1 H, H6"), 5.62
(dd, XH,H) = 3.4 Hz, J(H,P) =7.6 Hz, 1H, H1"), 5.95 (m, 2H, H1', HS), 7.91 (4,
J=82Hz 1H, H6); 3P NMR (300 MHz, D,0): §= —1245 (d, J(P.P) =
209 Hz, 1P). —10.82 (d, J(P.P) =209 Hz, 1P); HR-LSI MS[a} calcd for
C,sH,,N,0,,P,Na (nonhydrated monosodium salt): 585.01349; found: 585.01370.

4: '"H NMR (400 MHz, CDCl,): 6 =1.96, 1.98, 2.00, 2.07 (4s, 12 H, 4Ac), 3.99 (dd,
J=71,98Hz 1H. HS), 493 (dd, /=9.7. 9.7 Hz, 1 H, H4), 5.09 (dd, J = 9.6,
8.3 Hz, 1H, H2). 5.23 (dd, J = 9.5, 9.5 Hz, 1H, H3), 5.26 (d, J =10.5Hz, 1 H,
H7-trans). 5.34(d,J =17.2 Hz, 1 H, H7-cis), 5.69 {m, 1 H, H6}), 5.73(d, J = 8.3 Hz,
1H, H1); DCI-MS (NH,): m/z (%) = 362(100, [M + NH,]"); elemental analysis
caled for C,H,,0,: C 52.33, H 5.85; found: C 52.36, H 5.82.

5 (monosodium sait): "HNMR (400 MHz, D,0): & = 3.32 (dd, / = 9.6, 9.7 Hz,
1H. H4), 3.57 (dt, J = 9.8, 2.7 Hz, 1H, H2), 3.76 (dd, J = 9.6, 9.5 Hz, 1H, H3),
4.25 (dd, J = 9.4. 8.7 Hz, 1H, H5), 5.44 (m, 3H, H1, H7-1rans, H7-cis), 5.86 (m,
1H, H6); 3'P NMR (300 MHz, D,0): § =0.373; HR-LSI MS[a] caled for
C,H,,0,P: 255.02698; found: 255.02786.

{a] High-resolution liquid secondary-ion mass spectrometry: negative-ion mode in
a glycerin matrix.

sodium methoxide to give 5 in 39% yield. Deprotection of 5 to
give 6 was achieved by ozonolysis at —78°C followed by an
overnight treatment with dimethylsufide at —20°C. Aldehyde 6
was used directly in an enzymatic coupling reaction with UTP,
UDP-glucose pyrophosphorylase, and pyrophosphatase.’?! It
was expected that 6 could replace the normal substrate glucose-
o-1-phosphate in the coupling reaction, since the steric differ-
ences between them are slight. Indeed, following the reaction
with ion-paired reverse-phase HPLC!??! indicated that one
equivalent of UTP was cleanly converted into 1. The product
was surprisingly stable and could be isolated in 44% yield
{based on 5) by a combination of anion-exchange (DE-52 resin)
and size-exclusion (Bio-Gel P-2) chromatographies. The aldehy-
dic proton appears as a doublet at & = 5.17 in the "HNMR
spectrum taken in D,O (Figure 1, Table 1). This indicates that
more than 95% of the aldehyde is present as a hydrate.[*3]
Treatment of aldehyde 1 with a saturating amount of
NAD™ (500 um) and the Streptococcus pyogenes UDP-glucose
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Figure 1. 200 MHz "HNMR spectrum of the hydrated form of 1 in D,0. “S”
indicates the signal for residual protiated solvent.
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dehydrogenase!*® resulted in the quantitative production of
UDP-glucuronic acid and NADH, as analyzed by ion-paired
reverse-phase HPLC.1??! The kinetics and stoichiometry of the
reaction were followed by monitoring NADH formation with
UV spectroscopy at A = 340 nm. For each molecule of 1 that
was oxidized, one molecule of NADH was generated. The oxi-
dation of 1 at 30°C and pH 8.7 followed Michaelis—Menten
kinetics with k_, =1.0s7! and K,, =14um.[** 2% These com-
pare well with values obtained for UDP-glucose measured un-
der identical conditions (k. =1.2s7" and K, =14pm).[1023
The agreement in the k., values indicates that the aldehyde is
kinetically competent to be an intermediate in the normal reac-
tion pathway.

We envision two possibilities for the oxidation process. The
enzyme may catalyze the oxidation of only the minor, unhydrat-
ed form of the aldehyde present in solution, leaving the hydrated
form to bind nonproductively in a competitive manner. Alterna-
tively, the enzyme may operate on the hydrated form and cata-
lyze its dehydration prior to oxidation. It seems unlikely that the
oxidation proceeds directly through the hydrate, since mounting
evidence!' % 26-271 suggests that the second oxidation proceeds
via a thioester intermediate in a manner analogous to the
reaction catalyzed by glyceraldehyde 3-phosphate dehydroge-
nase.?8 291 The bound aldehyde is likely in equilibrium with a
covalently bound thiochemiacetal intermediate that is attached
to an active-site cysteine residue (see Scheme 1).
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Activity of 2’,5’-Linked RNA in the Template-
Directed Oligomerization of Mononucleotides**

Thazha P. Prakash, Christopher Roberts, and
Christopher Switzer*®

The ability of 2,5"-linked nucleic acids to encode genetic in-
formation has been a matter of both experimental and theoret-
ical interest. Whether 2',5'-linked nucleic acids form helices had
been debated!™ until relatively recently, when 2',5-linked
oligonucleotides were found to associate.[?) A related issue is the
possibility of forming chimeric helices. It has long been known
that 2',5-linked oligoadenylate forms a triplex with natural
oligouridylate.* This phenomenon has since been extended to
other sequences and structures.* These findings raise the possi-
bility of genetic-information transfer with 2',5'-linked RNA or
natural RNA with 2’,5"-linkage defects. Within the context of an
enzymatic reaction, Lorsch et al.!>) demonstrated that reverse
transcriptase reads through an RNA template bearing a 2'-link-
age defect. In the context of non-enzymatic reactions, the ability
of isomeric RNA to serve as a template was recently confirmed
using the complex mixture of linear and cyclic 2,5 -linked oligo-
cytidylates that result from clay-catalyzed condensation of acti-
vated 5-CMP.1®] Here we report the first mononucleotide
oligomerizations allowing direct
comparisons to be made between
the properties of natural and 2',5-
linked RNA templates.

Oligonucleotides used to explore
template-directed  synthesis are
given in Figure 1. A schematic illus-
tration of the template-directed re-
action investigated in this work is
given in Figure 2. The templates are
modelled on hairpin-templates re-
ported by Wu and Orgel.l”? As not-
ed below and in earlier work,!" in-
corporation of DNA into the stem
and loop of the templates enables
assay of product phosphodiester
linkages (3,5 versus 2.5) with
RNase. To assess whether the DNA stem perturbs the confor-
mation of the 2',5'-linked RNA tract in template 1, the CD
spectra of 1 and a standard for the RNA tract alone, 2',5-C,,,

- TTaccaa-2rm
T TCGGCCCCCCCs 1

T T Tacecaa2im
7 TCGGCCCCCCC-5 2

7! Taccaa-zr
7 TCGGCCCCCCCCC-5' 3

7! TeceaG 2rs
7 TCGGCCCOCGCCCs 4

Figure 1. Oligonucleotides used
in this study. Double-under-
lined letters are 2,5 -linked
RNA. Single-underlined letters
are 3',5'-linked RNA. Italicized
letters are 3,5-linked DNA.
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a+1
n+2

4] n n+5
1} rr(ms)7
77 T6CCGG e 2 MelmpG 7! TGCCGGGGAGG GG %
rTCGGCCCCCCC(Co)ys — = T rceecccoccc&(:)-s-

Figure 2. General scheme by which the reaction between templates 1-4 (Figure 1)
and 2-MelmpG occurs. The GMP units sequentially add to the 2'/3'-terminus of the
template (G"). G"** is the full-length product for templates 1 and 2, and G"*7 for
templates 3 and 4.

were compared. The standard gave an A-helix spectrum, and 1
a spectrum consistent with the superposition of B-helix and
A-belix spectra. These observations are consistent with the
RNA tract in 1 maintaining its conformational integrity.
Initially the effect of different divalent metal ions on
oligomerization of the 2-methylimidazolide of guanosine-5'-
phosphate (2-MelmpG) was explored with templates 1 and 2
(Table 1). By far, the most effective divalent metal ion in pro-

Table 1. Oligomerization with templates 1 and 2 and different metal ions (100 mm
in all cases) for eight days. Percentages refer to the amount of starting template
remaining unconsumed by oligomerization. See the legend to Figure 3 for further
details.

Metal ion Template 1[%)] Template 2[%]
MgCl, 274 1.44
HgCl, 84.5 18.4
ZnCl, 738 36.7
CoCl, 76.6 61.4
MnCl, 80.1 92.4
UrO,(NO,), 76.6 58.2
Pb(NO,), 71.3 43.7
Ni(NO,), 80.7 75.4

moting oligomerization with the 2,5-linked RNA bearing tem-
plate 1 was magnesium. Magnesium ion was also most effective
in promoting oligomerization with the 3',5'-linked RNA tem-
plate 2, but other metal ions were also effective (notably mer-
cury, zinc, and lead). It is not yet clear why 2',5-linked RNA 1s
most active in the presence of Mg?* | although it may be that the
metal ion orders activated nucleotides on the template in a ki-
netically significant way. A representative autoradiogram show-
ing oligomerization products obtained after eight days with 1is
given in Figure 3. On the basis of time-dependent data and

- MQZ‘ qu- Zn2+v  Co+ Mn 2+
1 2 3 4 5 6

L

Figure 3. Autoradiogram of the products formed upon oligomerization of 2-
MelmpG with template 1 in the presence of 100 mm divalent metal ion after eight
days. All oligomerizations were conducted under the general conditions described
by Wu and Orgel [7].

a - -

comparison with the product of 2 (data not shown), the pre-
dominant product in lane 2 appears to result from incorpora-
tion of four ribonucleotides. To ensure that the observed reac-
tions were indeed template dependent, 1 and 2 were incubated
with 2-MelmpA. With this monomer no more than 10% of
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