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Many biological transformations are effected via electron
transfer or homolytic bond cleavage, and thus proceed through
radical mechanisms.1 Early studies of the biosynthesis of immuno-
dominant 3,6-dideoxyhexoses found in the lipopolysaccharide of
several pathogenic bacterial strains, as exemplified by the
biosynthesis of CDP-L-ascarylose (1) in Yersinia pseudotuber-
culosisV, have demonstrated that the C-3 deoxygenation step
proceeds through a radical mechanism and requires a unique pair
of enzymes, E12 and E3.2,3 E1 contains a [2Fe-2S] center and
requires pyridoxamine 5′-phosphate (PMP).4 E3 contains a flavin
and a [2Fe-2S] center and uses NADH as a reductant.5 In the
present work, isotopic labeling of PMP has been combined with
EPR techniques to provide unambiguous evidence of a radical
being directly associated with the PMP coenzyme in E1 catalysis.

The catalytic cycle for deoxygenation begins with formation
of the Schiff base (3) between substrate2 and PMP in the active
site of E1 (Scheme 1). Subsequent proton abstraction triggers the
elimination of 3-OH to give4.4 Transfer of reducing equivalents
from NADH via E3 to reduce the nascent∆3,4-glucoseen
intermediate4 completes the reaction.5 Previous studies have
revealed the presence of a flavin semiquinone radical in E3

6 and
another organic radical in E17 during transient phases of the
reaction. Recent studies led to a model in which the odd electron
in the half-reduced intermediate resides primarily on the PMP
portion of the PMP-substrate adduct, perhaps as a phenoxyl
radical (5a).7

To characterize this organic radical, the isotopically labeled
forms of PMP, [4′,5′-2H4]PMP (6), and [2′-2H3]PMP (7) have been
prepared.8 Each labeled PMP was used to reconstitute E1-
(apoPMP),9 and each reconstituted E1 was used in the coupled
E1-E3 reaction to prepare samples for CW EPR and pulsed
electron nuclear double resonance (pulsed ENDOR) measure-
ments.10 Figure 1 (inset) shows the CW EPR spectrum of E1

reconstituted with6 (heavy line). The signal from the sample with
deuterated PMP narrows by approximately 3 G compared with
the reference spectrum using E1 reconstituted with unlabeled PMP
(light line). The spin concentration of this organic radical was
estimated to be 7.5µM, which was significantly higher than the
maximum possible flavin semiquinone concentration of 0.4µM
calculated on the basis of E3 concentration in the E1-E3 reaction
mixture. The observed sharpening effect on the EPR signal is
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indicative of the replacement of strongly hyperfine-coupled1H
by 2H,11 specifically the 4′- and/or 5′-2Hs of PMP.

Pulsed ENDOR was used to characterize5 further. The Mims12

ENDOR spectra of the trapped radical in E1 in complexes with
6, 7, and unlabeled PMP are shown in Figure 1, spectra a, b, and

c, respectively. Since spectra 1a and 1b have transitions that are
absent in 1c, these signals are assigned to deuterium.13 Some2H
transitions occur at frequencies well-separated from that of the
2H Larmor frequency, a phenomenon characteristic of relatively
strong nuclear hyperfine coupling.14 As expected, variation of the
timing parameterτ over a range of small values (100-200 ns)
has very little effect on the spectra.

Because6 is multiply labeled, it was not possible to assign
the2H resonances in Figure 1a to specific deuterons at either C-4′
or C-5′. If the (typically small) nuclear quadrupole couplings for
2H are ignored, and if it is assumed thatA/2 < νD, then the most
prominent peak at approximately 4.1 MHz reflects an estimated
coupling constant of 3.7 MHz.15 This translates to a1H coupling

of about 24 MHz (8.6 G splitting), which would be conspicuous
as an inhomogeneous broadening of an EPR signal having a line
width of 20 G. Deuteration would diminish this inhomogeneous
broadening as observed in the CW EPR spectrum (Figure 1, inset).
Figure 1a also shows evidence of a wide range of hyperfine
coupling constants. This breadth could arise from the presence
of multiple inequivalent2H couplings, due to the variation of2H
orientations with respect to the PMP ring.

At least one2H nucleus of7 gives a sharp ENDOR signal at
3.2 MHz (Figure 1b). A 1.9 MHz2H hyperfine coupling constant
accounts for this transition, and places the companion signal at
1.3 MHz where it would be difficult to detect. The 1.9 MHz
hyperfine coupling translates to a1H coupling of just over 12
MHz. The presence of significant electron spin density at C-2
suggests5b as one of the possible resonance structures of the
radical (Scheme 1), and would give rise toâ-2H couplings with
low anisotropy.

It is useful to correlate the appearance of2H ENDOR with the
loss of the corresponding1H transitions. A Mims ENDOR
difference spectrum (not shown) was obtained by subtracting the
[2′-2H3]PMP from the natural abundance PMP spectrum. The
expected 12 MHz1H coupling was not observed despite careful
optimization ofτ. However, a1H coupling of about 7 MHz was
found, which must also arise from a methyl proton. Also detected
in the difference spectrum were hints of a still weaker1H coupling.
Clearly, not all of the stronger1H couplings are readily detectable
by Mims ENDOR. The presence of multiple inequivalent methyl
1H couplings is to be expected, since methyl group rotation is
almost surely frozen out at 5 K. Detailed ENDOR analysis of2H
and1H couplings in the trapped radical is in progress.

The observation of moderately large2H hyperfine couplings
arising from at least two separate positions within the PMP moiety
demonstrates that the organic radical in E1, which had been
characterized kinetically,7b is indeed localized to PMP. Though
organic radicals have been discovered in a wide variety of
enzymatic reactions,1 the data reported herein represent the first
convincing evidence of a radical being immediately associated
with PMP. The participation of PMP cofactor in deoxygenation
is unique, but the direct involvement of PMP in the subsequent
electron transfer reduction via a radical mechanism truly places
E1 in a class by itself. Several E1 homologues whose sequences
show good similarity with that of E1 are known.16 Although their
catalytic roles remain to be elucidated, E1 may be the prototype
for a new class of coenzyme B6-dependent enzymes that use an
alternate chemistry to catalyze transformations not normally
expected for this cofactor.
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Figure 1. Mims ENDOR spectra obtained from trapped radical in E1

reconstituted with the following: (a) [4′,5′-2H4]PMP (6); (b) [2′-2H3]PMP
(7); and (c) unlabeled PMP. Experimental conditions: instrument, Bruker
Elexsys E580;Bo ) 345.7 mT;νε ) 9.6989 GHz;τ ) 120 ns;T ) 5 K;
pulse repetition rate) 1 kHz; rf pulse length) 7 µs; total shot repetitions/
data point) 2400; shot repetition rate) 1 kHz. The inset shows an
overlay of the X-band CW EPR spectra of the E1-E3 coupled reaction
using E1 reconstituted with unlabeled PMP (light line) and [4′,5′-2H4]-
PMP (heavy line). The samples were prepared as described in ref 10.
EPR conditions: microwave frequency, 9.092 GHz; gain, 2× 104;
temperature, 77 K; and magnetic field modulation amplitude, 0.4 mT.
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