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Many biological transformations are effected via electron
transfer or homolytic bond cleavage, and thus proceed through
radical mechanismisEarly 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 CDR-ascarylose 1) in Yersinia pseudotuber-
culosisV, have demonstrated that the C-3 deoxygenation step
proceeds through a radical mechanism and requires a unique pai
of enzymes, B and E.2° E; contains a [2Fe-2S] center and
requires pyridoxamine'fhosphate (PMP)E; contains a flavin
and a [2Fe-2S] center and uses NADH as a reduétémtthe
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 coenzymeiicd&alysis.

The catalytic cycle for deoxygenation begins with formation
of the Schiff baseJ) between substraand PMP in the active
site of & (Scheme 1). Subsequent proton abstraction triggers the
elimination of 3-OH to givet.* Transfer of reducing equivalents
from NADH via E; to reduce the nascem\®*glucoseen
intermediate4 completes the reactichPrevious studies have
revealed the presence of a flavin semiquinone radicakirafd
another organic radical in ;E 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 6a).”
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To characterize this organic radical, the isotopically labeled
forms of PMP, [4,5-2H,JPMP (6), and [2-°H3]PMP (7) have been
prepared. Each labeled PMP was used to reconstitute E
(apoPMPY’ and each reconstituted, Bvas used in the coupled
E,—E; reaction to prepare samples for CW EPR and pulsed
electron nuclear double resonance (pulsed ENDOR) measure-
mentst® Figure 1 (inset) shows the CW EPR spectrum of E
reconstituted witl® (heavy line). The signal from the sample with
deuterated PMP narrows by approximgt8l G compared with
the reference spectrum usingréconstituted with unlabeled PMP
(light line). The spin concentration of this organic radical was
estimated to be 7.BM, which was significantly higher than the
maximum possible flavin semiquinone concentration of oMt
calculated on the basis ofEoncentration in the £E; reaction
mixture. The observed sharpening effect on the EPR signal is
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(9) The BE(apoPMP) protein was prepared by dispersing wild-typé6B
mg) throughout the top 8 cm of a column of DEAE-Sepharose (10 cm)
preequilibrated with 50 mM potassium phosphate buffer (pH 7.5) that had
been degassed by cycling between an aspirator vacuum and nitrogen bubbling
over a period of an hour. The column was washed continuously@twiith
the same degassed buffer for 4 days at a flow raloper day. The sample
was eluted from the column using 20 mM Tris HCI buffer (pH 7.5) containing
0.5 M NaCl, and subsequently desalted and concentrated using an Amicon
ultrafiltration unit (YM-10) with 20 mM Tris HCI buffer, pH 7.5.

(10) A single stock solution of fapoPMP) (15% residual PMP content;
675uM.; ~0.7—1.0 mol Fe/monomer) was used to generate the results reported
in this paEer. The Esubstrate2 (46.9 mM) was prepared as previously
described® Volumes of various stock solutions were used to give a final
concentration of 35@M E;, 0.4uM Es, 7 mM E; substrate, 3.5 mM PMP,
and 7 mM NADH in the reaction mixture (2Qf. total volume). The samples
were prepared by incubating the(&poPMP) with all the reaction components
except k for a period of 20 min. After the preincubation to reconstitute the
E; to full activity, the & was added to initiate the reaction, the tube was
vortexed, and the solution was transferred to the EPR tube using a glass pipet
and then frozen in liquid nitrogen. The estimated time from the addition of
E; to the freezing of the sample was about 30 s. Once frozen, the samples
were subjected to CW- and ENDOR-EPR analyses.
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Figure 1. Mims ENDOR spectra obtained from trapped radical in E
reconstituted with the following: (a) [&-2H4PMP ©); (b) [2'-2H3]PMP

(7); and (c) unlabeled PMP. Experimental conditions: instrument, Bruker
Elexsys E580B, = 345.7 mT;v. = 9.6989 GHzy = 120 ns;T = 5 K;
pulse repetition rate= 1 kHz; rf pulse length= 7 us; 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-fE; coupled reaction
using B reconstituted with unlabeled PMP (light line) and,p42H]-
PMP (heavy line). The samples were prepared as described in ref 10.
EPR conditions: microwave frequency, 9.092 GHz; gainx 210%
temperature, 77 K; and magnetic field modulation amplitude, 0.4 mT.

indicative of the replacement of strongly hyperfine-coupled
by 2H,! specifically the 4 and/or 5-°Hs of PMP.
Pulsed ENDOR was used to charactefifarther. The Mim&?
ENDOR spectra of the trapped radical in iE complexes with
6, 7, and unlabeled PMP are shown in Figure 1, spectra a, b, and
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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 l1a also shows evidence of a wide range of hyperfine
coupling constants. This breadth could arise from the presence
of multiple inequivalentH couplings, due to the variation &l
orientations with respect to the PMP ring.

At least one?H 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&l coupling of just over 12
MHz. The presence of significant electron spin density at C-2
suggestsbb as one of the possible resonance structures of the
radical (Scheme 1), and would give riseA&H couplings with
low anisotropy.

It is useful to correlate the appearanceédfENDOR with the
loss of the correspondingH transitions. A Mims ENDOR
difference spectrum (not shown) was obtained by subtracting the
[2'-?H3]PMP from the natural abundance PMP spectrum. The
expected 12 MHZ2H coupling was not observed despite careful
optimization ofr. However, aH 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 weak¢coupling.
Clearly, not all of the strongéH couplings are readily detectable
by Mims ENDOR. The presence of multiple inequivalent methyl
H couplings is to be expected, since methyl group rotation is
almost surely frozen out at 5 K. Detailed ENDOR analysi&bf
andH couplings in the trapped radical is in progress.

The observation of moderately largel hyperfine couplings
arising from at least two separate positions within the PMP moiety
demonstrates that the organic radical in Bhich had been
characterized kineticall{, is indeed localized to PMP. Though
organic radicals have been discovered in a wide variety of
enzymatic reactionsthe data reported herein represent the first
convincing evidence of a radical being immediately associated

¢, respectively. Since spectra 1a and 1b have transitions that aravith PMP. The participation of PMP cofactor in deoxygenation

absent in 1c, these signals are assigned to deutéfiGomme’H
transitions occur at frequencies well-separated from that of the
2H Larmor frequency, a phenomenon characteristic of relatively
strong nuclear hyperfine couplif@As expected, variation of the
timing parameter over a range of small values (16200 ns)

has very little effect on the spectra.

Becauseb is multiply labeled, it was not possible to assign
the?H resonances in Figure 1a to specific deuterons at eitheér C-4
or C-5. If the (typically small) nuclear quadrupole couplings for
2H are ignored, and if it is assumed th&2 < vp, then the most
prominent peak at approximately 4.1 MHz reflects an estimated
coupling constant of 3.7 MHZ This translates to & coupling

(11) (a) Carrington, A.; McLachlan, A. Dintroduction to Magnetic
ResonanceHarper and Row: New York, 1967; pp #80. (b) Norris, J. R,;
Uphaus, R. A.; Crespi, H. L.; Katz, J. Broc. Natl. Acad. Sci. U.S.A971,

68, 625-628.

(12) Mims, W. B. InElectron Paramagnetic ResonandGeschwind, S.,
Ed.; Plenum Press: New York, 1972; pp 26351.

(13) A weak but quite reproducible pair of transitions is evident in all three
glaces jn Figure 1, at 5.2 and 6.7 MHz. These could be due to strongly coupled

N or 1H.

(14) Hoffman, B. M.; DeRose, V. J.; Doan, P. E.; Gurbiel, R. J.; Houseman,
A. L. P.; Telser, J. IrBiological Magnetic ResonangBerliner, L. J., Reuben,

J., Eds.; Plenum Press: New York, 1993; Vol. 13, p 156.

(15) The partner transition for this feature should occur at about 0.4 MHz,
but ENDOR is rarely observed at such low frequencies, due to the difficulty
of coupling the rf energy into the ENDOR coil.

is unique, but the direct involvement of PMP in the subsequent
electron transfer reduction via a radical mechanism truly places
E; in a class by itself. Several,Fhomologues whose sequences
show good similarity with that of Eare known'® Although their
catalytic roles remain to be elucidated, lgay be the prototype
for a new class of coenzymes®Blependent enzymes that use an
alternate chemistry to catalyze transformations not normally
expected for this cofactor.
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