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Flavin coenzymes play a variety of roles in biological systems. This Perspective highlights the chemical
versatility of flavins by reviewing research on five flavoenzymes that have been studied in our laboratory.
Each of the enzymes discussed in this review [the acyl-CoA dehydrogenases (ACDs), CDP-&-deoxy-
threo-p-glycero4-hexulose-3-dehydrase reductase;),(ECDP-4-aceto-3,6-dideoxygalactose synthase
(YerkE), UDP-galactopyranose mutase (UGM), and type Il isopentenyl diphosphate:dimethylallyl
diphosphate isomerase (IDI-2)] utilizes flavin in a distinct role. In particular, the catalytic mechanisms
of two of these enzymes, UGM and IDI-2, may involve novel flavin chemistry.

Introduction and two-electron oxidation/reduction reactions critical to the four
major energy metabolism systems (photosynthesis, aerobic
respiration, denitrification, and sulfur respiratidnjany fla-
voenzymes are capable of catalyzing oxygenation reactions, such
as BaeyerVilliger oxidations and aromatic hydroxylations,
which are crucial for soil detoxification processeglavin-
dependent halogenases are required for the biosynthesis of a
myriad of halogenated natural products, many of which have
therapeutic potentidl.Flavins are also involved in the photo-

*To whom correspondence and reprint requests should be addressed. Fax: . . ;
512-471-2746. repair of DNA damage and in the regulation of caspase-

Flavin mononucleotide (FMN1) and flavin adenine dinucle-
otide (FAD, 2), the biologically active forms of riboflavin
(vitamin By, 3), play a lead role in a diverse array of biological
processes, which is a reflection of their structural and chemical
versatility (Scheme 1)-3 Flavoenzymes, which contain FMN
and/or FAD as prosthetic groups, catalyze many of the one-
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SCHEME 1. Structures and Redox States of the Natural Flavirs
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aFMN (1) and FAD @) differ from riboflavin (3) in their ribityl side chains, which contain a phosphate residvg 6r an ADP moiety Ry) in ester
linkage with its terminal hydroxyl group, respectively. The isoalloxazine ring of flavins can exist in any one of three oxidation states. FMN is #@wn
two-electron-reduced hydroquinone state, FAD as a one-electron-reduced neutral semiquinone, and riboflavin in its oxidized form.

SCHEME 2. Reaction Catalyzed by Acyl-CoA The lone exception is VLCAD, which exists as a homodimer
Dehydrogenases (ACDs) with a subunit molecular weight ef67 kDa and is associated
0 FAD,, FAD.q 0 with the inner mitochondrial membrasé.
R/\)J\sc:o;\ LL, R “SCoA Each of the ACDs has been found to share the same
4 ACD 6 complicated catalytic mechanism (Schemé%}.First, ACD-

FAD.x forms a Michaelis complex with its acyl-CoA substrate
through a two-step binding mechanig$h#? Next, a conserved
glutamate residue abstracts the ro-proton of the substrate,
generating an enolate intermediafg.¥®-3° Dehydrogenation

of the acyl-CoA substrate is then achieved by the transfer of
the proR -hydrogen of the nascent enolate intermediate to the
flavin coenzyme as a hydride equivaléfit3® This results in
the formation of a characteristic, bluish-greép~ 570 nm)
charge-transfer complex between ACD-FAdand the enoyl-

independent apoptosis.In addition, they are important com-
ponents of the blue-light sensing photoreceptors (cryptochromes)
involved in the regulation of biological clocks and development
and in the generation of light in bacterial bioluminescehce.
Because of the chemical versatility of flavin coenzymes and
the diverse roles they play in biology, studies of several
physiologically significant and/or mechanistically intriguing

flavin-dependent enzymes have been carried out in our labora-
P y CoA product® In the absence of an external electron acceptor,

tory in an effort to learn more about this important class of the t 1-CoA product is slowl | df th
biocatalysts. This Perspective reviews research on five of these € trans-a,-enoy -OA product Is slowly released Irom the
enzyme, though this equilibrium strongly favors the charge-

]‘Lli\r?cr)sgé%/;;cse[r?}(z;ggﬁgsee%%ce)%%?;Se(fécc:ila():’tzfsg',:()(-56[-)%?0)(% transfer complef%-42 The.tight binding interagtion between
4-aceto-3,6-dideoxygalactose synthase (YerE), UDP-galatcto-AC_D'FADred and product IS thought to help drlve_ dehydroge-
pyranose mutase (UGM), and type Il isopenteny! diphosphate: nation of the acyI-C_:oA thioester substrates, _Whlc_h are fairly
dimethylallyl diphosphate isomerase (IDI-2)], each of which Weak thermodynamic reductarfs’®#The physiological elec-
tron acceptor for all ACDs is the electron-transferring flavopro-

utilizes flavin in a distinct role. . - : >

tein (ETF), which channels the reducing equivalents from the
reduced flavin coenzyme of ACD into the mitochondrial
respiratory chain. ETFs are typically heterodimeric proteins and
contain one equivalent of FAD and a non-redox-active AMP

family of FAD-dependent enzymes that catalyze the conversion molecule?>#6The electrons are transferred sequentially in two

of acyl-CoA thioesters4) to the correspondingans-a.5-enoyl- one-electron steps to ETF*° Though the charge-transfer
CoA (6) (Scheme 2J2°15 Members of this family share complex is a poorer thermodynamic reductant than free ACD-

significant structural and biochemical similarities, but differ FADres binding of the enoyl-CoA product greatly enhances the
widely in their substrate specificitié&.18 ACDs are involved  rate of the electron-transfer reaction to E¥F!49This rate

in the B-oxidation of short-chain (SCAD), medium-chain €nhancement may be linked to the decreas&jopthe reduced
(MCAD), long-chain (LCAD), and very long chain (VLCAD) flavin that is observed upon thioester bindf¥g>2 ETF then
fatty acids and in the catabolism of amino acids, such as leucinetransfers the electrons derived from the acyl-CoA thioester to
(isovaleryl-CoA dehydrogenase, IVD), isoleucine, (short/ E'I_'F-ublqumone omdo_reductasan intrinsic inner mitochon-
branched-chain acyl-CoA dehydrogenase, SBCAD), valine d_rlal membran_e protein that contains a [4Fe-4S] cluster and
(isobutyryl-CoA dehydrogenase, IBD), and lysine (glutaryl-CoA binds one.eq.ulvalent.of FAB?. Recently, the crys.tal structyre
dehydrogenase, GCADY-22 Mutations in seven of these ACDs of ETF-ubiquinone oxidoreductase was solved with and without
have been linked to disease states in humans, including sudde®ound ubiquinone, illuminating the likely electron-transfer
infant death syndrom®:-26 The majority of ACDs are soluble, ~ pathway from ETF to ubiquinor.

homotetrameric enzymes with a subunit molecular weight of  The K, of the conserved glutamic acid residue in MCAD-
~43 kDa and are present in the inner mitochondrial ma&frix. FADoy is ~6 and that of aro-proton of a typical acyl-CoA

Acyl-CoA Dehydrogenases: Flavin Playing a Redox Role

Acyl-CoA dehydrogenases (ACDs) constitute a homologous
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SCHEME 3. Chemical Mechanism of Acyl-CoA Dehydrogenases (ACDX)
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a|n this reaction, FAD acts as a hydride acceptor.

thioester is~2155-58 Thus, the [, of the active-site base must
be raised and/or thelp of the a-proton of the substrate must
be substantially lowered for catalysis to be efficient. Indeed,
upon thioester binding, thekp of the glutamic acid residue is
found to increase to a value 0f9.32% This elevation is
primarily attributed to the desolvation of the active site that

accompanies substrate binding. Binding of the substrate ana-
logue 3-thiaoctanoyl-CoA, which can be deprotonated but not

dehydrogenated, to MCAD results in the lowering of th&, p
of its a-proton from~16 in free solution to~5.8%%1The crystal

structure of this complex was solved, and it was found that the
backbone amide of the conserved glutamate residue and-the 2

hydroxyl of the ribityl moiety of FAD form hydrogen bonds
with the carbonyl oxygen of the thioes®@rThe K, of the
o-proton of 3-thiaoctanoyl-CoA observed upon binding to
MCAD reconstituted with 2deoxy-FAD was~11, illustrating

the importance of hydrogen-bond formation in substrate activa-

tion.5® The isoalloxazine ring of flavin itself contributes to a
lowering of the thioester substrateKp A series of flavin
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SCHEME 4. Mechanism-Based Inactivators of ACDs:
(Methylenecyclopropyl)acetyl-CoA (7), spiropentylacetyl-CoA
(8), (E)-2,3-epoxybutyryl-CoA (9), and Cylcobutylacetyl-CoA
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5-deazaFAD, which is incapable of single-electron chemistry,
a hydride equivalent was transferred from C5 of the coenzyme

to crotonyl-CoA, generating butyryl-CoX. In addition, the

crystal structure of MCAD in complex with octanoyl-CoA/
octenoyl-CoA revealed that thcarbon of the substrate/product
was ideally positioned for direct hydride transfer with N5 of

analogues substituted at the 7- or 8-position were used tothe flavin coenzymé?

reconstitute MCAD, and their influence on the activation of
3-thiaoctanoyl-CoA was monitoréd As the electron-withdraw-
ing properties of the flavin substituent increased, tkgqf the
substratex-proton decreased, from a value of 7.4 with 8-amino-
FAD to 4.0 with 8-cyano-FAD. This is consistent with an earlier
observation that the electron density at N5 of FAD, which is

Although the oxidation of acyl-CoAs is thought to proceed
via hydride transfer to ACD-FAR, studies using mechanism-
based inactivators (Scheme 4) have shown that ACDs are also
capable of mediating one-electron oxidations. When MCAD is
incubated with (methylenecyclopropyl)acetyl-CoA (MCPA-
CoA, 7), a metabolite of hypoglycin A and the causative agent

modulated by hydrogen-bonding interactions with a nearby of Jamaican vomiting sickness, time-dependent loss of enzyme

threonine residue, is important for the activation of ¢hproton
of 3-thiaoctanoyl-CoA?
In addition to the large i, difference that must be overcome

activity is observed, concomitant with the bleaching of the flavin
chromophore Amax = 446 nm)%:66 The inactivation process is
initiated by abstraction of the-proton of MCPA-CoA. Sub-

for efficient catalysis, the disparity between the redox potentials sequent fragmentation of the cyclopropyl ring of the inactivator

of the ACD-FAD.,x complexes and their acyl-CoA substrates

leads to the covalent modification of the flavin coenzyme. The

represents another energetic hurdle. The midpoint potentials ofrate of bleaching of the flavin chromophore is slightly slower

the transa,8-enoyl-CoA/acyl-CoA redox couples have been
found to be virtually independent of chain length over a range
of C4 to C16, varying from—38 to —45 mV (relative to the
SHE), respectively? In the absence of substrate, the midpoint
potential of the MCAD-FARYMCAD-FAD ¢4 cOuple is—136
mV. However, the binding of an acyl-CoA thioester to MCAD
results in a dramatic shift of the redox potential of the enzyme
to —26 mV, allowing the reaction to proceed in the thermody-
namically favorable directiof® A similar redox potential shift
upon substrate/product binding was also observed for SEAD.
In the chemical mechanism of ACDs (Scheme 3), the FAD

than the rate of inactivation, and levels off while a small loss
of enzyme activity continue®. This suggests the existence of
a minor inactivation pathway, which was found to result from
modification of the flavin at a site other than the isoalloxazine
ring .58 Both enantiomers of MCPA-CoA are potent inactivators
of MCAD with nearly identical partition ratio%-6%70 Since
cleavage of the g-H bond of the acyl-CoA substrate is pRo-
specific, the lack of stereospecificity in the inactivation process
suggests the ring-opening reaction is not enzyme-controlled.
Rapid ring fragmentation is consistent with the rearrangement
of ana-cyclopropyl radical to a ring-opened alkyl radical, which

coenzyme functions as a hydride acceptor. Kinetic isotope effectis known to be an extremely facile proceg2

(KIE) measurements indicate that cleavage of the i& bond
is rate-limiting*® When MCAD was reconstituted with reduced

Further support of a radical-mediated inactivation mechanism
comes from the identification of the major turnover product of

J. Org. ChemVol. 72, No. 17, 2007 6331
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SCHEME 5.

Chemical Mechanism of Aerobic MCPA-CoA (7) Turnover by MCAD?
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a|n this reaction, FAD plays a redox role in catalyzing the dioxygenation reaction (SET: single-electron transfer).

MCPA-CoA with MCAD obtained under aerobic conditions
(14), which was found to be a CoA thioester containing a
disubstituted terminal olefin, a hydroxymethyl group, and an
epoxide®®73The structure of this turnover product is consistent
with the generation of an allylic ring-opened radical) that
is intercepted by @to form a transient peroxy radical?).
Subsequent reduction by FAEresults in the formation of3,

inhibitor of MCAD, and cylcobutylacetyl-CoA (CBA-Co0A,0),
which is an inactivator of SCAD but a substrate for MCAD?

The different reactivities of these compounds likely reflect
differences in the steric and electronic environments of the active
sites of the various ACD classes. These differences may allow
the rational design of class-specific inhibitors for the manipula-
tion of fatty acid metabolism.

which undergoes an intramolecular epoxidation reaction (Scheme

5).

Studies using spiropentylacetyl-CoA (SPA-Cd), a close
analogue of MCPA-CoA, yielded similar resuftsChemical
model studies, in conjunction with high-level ab initio calcula-

CDP-6-Deoxyt -threo-b-glycerc4-hexulose-3-dehydrase
Reductase: Flavin Acting as a Redox Mediator

3,6-Dideoxysugars are found predominantly in the lipopolysac-

tions, on the ring-opening reactions of 4-butylspiropentylcarbinyl charide of Gram-negative bacteffaThese sugars are well-

radicals identified a single ring-opened primary cyclopropyl-

known antigenic determinants and play important roles in the

carbinyl radical as the species which forms an adduct with FAD pathogenicity and virulence of bacteffaAscarylose is a 3,6-

and identified N5 as the likely site of covalent modification.
Interestingly, both stereoisomers of SPA-CoA inactivate MCAD,
whereas theR)-epimer is an inactivator and th&{epimer is

a competitive inhibitor of SCAD? Similar ACD class-depend-
ent inactivation properties were observed wil)-2,3-epoxy-
butyryl-CoA (9), which is an inactivator of SCAD and an

6332 J. Org. Chem.Vol. 72, No. 17, 2007

dideoxyhexose found in th@-antigen ofYersinia pseudotu-
berculosisV.8 The biosynthetic pathway of CDRascarylose
(20) is shown in Scheme 6. The first step, catalyzedoby-
glucose-1-phosphate cytidylyltransferasg)(Evolves forma-
tion of CDPb-glucose 16) from o-D-glucose-1-phosphaté5)
and cytidine triphosphate (CTPY.Next, CDPs-glucose 4,6-
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SCHEME 6. Biosynthetic Pathway of CDPt-Ascarylose (20)
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dehydratase (fg) catalyzes C6 deoxygenation via a NAD
dependent oxidationreduction reactio? This transformation
is followed by deoxygenation of7 at C3 catalyzed by the
combined actions of two enzymes, CDP-6-deaxiyweoD-
glycero4-hexulose 3-dehydraseand its reductase gE The
configuration at C5 of the product of this reactidr, is then
inverted by CDP-3,6-dideoxy-glycerap-glycerc4-hexulose
5-epimerase (§).%2 Finally, the 4-keto group cf9is stereospe-
cifically reduced by CDP-3,6-dideoxy-glycercL-glycero4-
hexulose 4-reductase (§.53

The conversion of CDP-6-deoxythreo-bp-glycerc4-hexu-
lose (L7) to CDP-3,6-dideoxyp-glycerop-glycera4-hexulose
(18) by Ei/E3 occurs in two stages (Scheme 7). The first stage,
which is catalyzed by E consists of the pyridoxamine phosphate
(PMP)-dependent dehydration df7 to a conjugatedA3“
glucoseen intermediat@?). E; then catalyzes the second stage
of the reaction, wherein reducing equivalents from NADH are
transferred to tha34-glucoseen intermediate, ultimately leading
to the formation of the product8, and regeneration of the PMP
coenzyme*85

E; is a homodimeric enzyme with a subunit molecular weight
of ~49 kDa8* Each subunit binds one equivalent of PMP, as
determined by radiometric and fluorometric quantitati&fis.
The highly conserved lysine residue that is typically present in
coenzyme B-dependent enzymes is replaced with a histidine
residue (His220) in E8-9 Thus, the binding mode of PMP to

label at C3 of recoveretl7 when the reaction is carried out in
H,180), which is driven to completion by the reduction 2i
to 25. A number of reductants (such as dithionite, diaphorase,
and methane monooxygenase reductase) are capable of reducing
22, albeit with much lower efficiency thansENADH.86.97.99

Es, which is a monomer with a molecular weight 6136
kDa, binds one equivalent of FAD and contains a plant-type
ferredoxin [2Fe-2S] cluster, as determined by both-tisible
and EPR spectroscopic analysis and iron and sulfur quantita-
tion.100On the basis of sequence homology,i€a member of
the flavodoxin-NADP reductase (FNR) family of proteiri§!
NADH is capable of binding to both oxidized and two-electron-
reduced forms of g with dissociation constantK{'s) of
525+ 2 and 12.1+ 1 uM, respectively. E catalyzes the
stereospecific transfer of a hydride derived from the C4Rro-
hydrogen of NADH to FAD at a rate of 1075 3 s71.102 This
reaction is analogous to the aforementioned hydride transfer
catalyzed by ACDs. The FAD coenzyme of 5 capable of
transferring reducing equivalents from NADH to many external
electron acceptors, including(®,6-dichlorophenolindophenol
(DCPIP), and exogenous FAD and FMN, with varying degrees
of efficacy1% This process is independent of the presence of
the [2Fe-2S] cluste¥?2 However, both iror-sulfur centers in
E; and E are required for the FAD-mediated transfer of
reducing equivalents from NADH to th&34-glucoseen inter-
mediate bound at the active site of $100.102109The presence

E; is unusual in that the coenzyme is associated with the active of the two [2Fe-2S] clusters, which are obligatory one-electron-

site through strictly noncovalent interactions. In addition to PMP,
analytical assays ofHevealed the presence of stoichiometric
amounts of iron and sulfi* Subsequent electron paramagnetic

transfer cofactors, indicates that FAD acts as a two-electron/
one-electron switch in mediating the transfer of electrons from
NADH through the chain of redox-active cofactdf$1%4The

resonance (EPR) spectroscopic analysis confirmed the presencenidpoint potentials of FAD and the [2Fe-2S] clusters yeaid

of a [2Fe-23] clustet*® This iron—sulfur cluster, which is
essential for catalysis, is bound via an unusuaXg—C—X—
C—X7—C coordination motif® Substratel7 is capable of
binding to g only in the presence of the PMP coenzyme. Upon
binding,17 forms an imine 21) between its C4 keto group and
the amino group of PMP. Subsequent abstraction of theSpro-
4'-hydrogen of PMP by an active-site base triggers elimination
of the C3 hydroxyl group, leading to the formation of the
conjugatedA®4-glucoseen intermediate2?).8487.97 Since the
replacement of the C3 hydroxyl group &% by a hydrogen
atom in the deoxygenated sugar proddd) (proceeds with net
retention of stereochemistry, the dehydration reaction is likely
a suprafacial process that occurs on the solvent-accessible
face of the PMP-substrate adduct2().’® The E-catalyzed
dehydration of21 to the A34-glucoseen intermediat®2) is a
reversible process (as evidenced by the incorporation 8iGn

E: were determined to be-212, —257, and —209 mV,
respectivelyt% The presence of the [2Fe-2S] cluster in E
modulates the redox properties of the flavin coenzyme, as its
removal causes a shift in the midpoint potential of FAD from
—212 to —227 mV. The thermodynamic barrier to electron
transfer from FAD to the [2Fe-2S] cluster within Enight serve
a regulatory role in suppressing the/lE reaction unless an
excess of NADH is present in the cell. The/l&; system may
also be regulated by pH since redox titrations and stopped-flow
spectroscopic studies showed that this thermodynamic barrier
to electron transfer is inverted when the pH is increased from
7 to 10102104

The transfer of reducing equivalents from #® the A4
glucoseen intermediat®2), which is bound at the active site
of Ej, requires formation of an intermolecular complex between
E; and B. This was confirmed botim zitro, using size-exclusion

J. Org. ChemVol. 72, No. 17, 2007 6333
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SCHEME 7. Chemical Mechanism of B/E3?
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a|n this reaction, FAD plays the role of a two-electron/one-electron switch in mediating electron transfer.

chromatography and circular dichroism (CD) spectroscopy, and 425 nm, which bears resemblance to substrBfeéP quinonoid
in vivo, using the yeast two-hybrid systéff?. The apparent  species typically observed in PLP-depend@a¢limination
dissociation constant of the;EE; complex was estimated t0  reaction$®

be 288+ 22 nM, with a stoichiometry of 1.7 betweery BEnd ) ) )
E.. To determine the structure of the radical Intermediate V,

Two organic radical intermediates have been detected in theSeveral isotopically labeled PMP analogues were synthesized
catalytic cycle of B/Es (Scheme 7) by EPR spectroscdyy? and used to reconstitute; Hor EPR analysid% The EPR
The first radical was unambiguously assigned as a flavin spectrum obtained with [&-?HsjPMP resulted in a~3 G
semiquinoneZ6), formed as the reduced flavin transfers a single narrowing of the EPR line shape. The presenc#éotiyperfine
electron to the [2Fe-2S] center of. H'he second radical, which  couplings in samples of [Freconstituted with [45-2H]PMP
was observed only in the presence of substrate, was a featurelesgnd [2-2H;]PMP were directly detected using Mims electron
EPR singlet centered ag = 2.003. The detailed kinetic  pyclear double-resonance (ENDOR) spectroscopy. These results

(TGChanSZ‘ of the earlyé ﬂstages of the/fs ZrBea;:_tiQn vr\:as clearly indicate the presence of electron spin-density in the
etermined using stopped-flow spectrosc8p}f”By fitting the pyridine ring of the PMP coenzyme and support the assignment
absorbance data obtained at different wavelengths using a diode-
f Intermediate V as an unprecedented PMjRuicoseen radical
array spectrophotometer to a series of sequential exponentlalo2 4 and ‘ | digbis th duced
equations, it was determined that at least six intermediates wer( and its resonance forms). Intermediateis then reduce
formed during the catalytic cycf. The rate of formation and ~ PY @ second electron from the [2Fe-2S] cluster oft& give
decay of Intermediate V was nearly identical to that of the 25 which is hydrolyzed to yield the 3,6-dideoxysugar product
second organic radical, as determined by rapid freeze-quench(18) and regenerate PMP. As the/E; system illustrates, flavin
EPR spectroscopy. The UWisible difference spectrum of  coenzymes play crucial physiological roles as mediators between
Intermediate V has dmax at 456 nm with a shoulder at two-electron- and one-electron-transfer reactions.

6334 J. Org. Chem.Vol. 72, No. 17, 2007



SCHEME 8. Biosynthetic Pathway of CDP-Yersiniose A
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aSteps Leading to the Formation 8 are the Same as in Scheme 6.

CDP-4-Aceto-3,6-dideoxygalactose
Flavin Playing a Structural Role

Synthase  (CADS):

Branched-chain sugars are an important class of carbohy-
dratest®” Most naturally occurring branched-chain sugars
contain a methyl branch, though examples of sugars with longer
side chains are knowf$:22108Yersiniose A (se@8in Scheme
8) is a prototypical hydroxyethyl-branched 3,6-dideoxysugar
found in theO-antigen ofYersinia pseudotuberculosig. 109.110
Early feeding experiments have shown that the two-carbon chain
present in these branched-chain sugars derives from pyruvate
which is consistent with the branch attachment being a thiamine
pyrophosphate (TPP)-dependent proééss! Curiously, well-
known inhibitors of TPP-dependent enzymes failed to affect

JOC Perspective

in Escherichia coliand the purified enzyme was found to contain
bound FAD, giving a typical flavin spectrum with two absorp-
tion maxima at 370 and 450 nm. YerE exists as a homodimer,
with a molecular weight of 58.5 kDa per monomer. In the
presence of TPP and Mg YerE was shown to convert pyruvate
and18 (prepared enzymatically using purifiedd=E;, and E)

to 27, whose structure was verified Bl and'3C NMR 116 At

the optimal pH of 8.0, this transformation was found to proceed
with a keg Of 72.3 &£ 2.8 min! and K, of 7.9 + 1.8 and
3.114 0.24 mM for pyruvate and8, respectivelyt!®

When YerE is prereduced with dithionite and the reactions
are performed under anaerobic conditions, there is no discernible
loss of catalytic efficiencyi® This result strongly suggests that
FAD does not play a redox role in the YerE-catalyzed
transformation. Instead, the reaction likely proceeds according
to ade facto“umpolung” (charge-reversal) reaction typical of
other TPP-dependent enzymes. In this mechanism (Scheme 9),
the coupling of pyruvate and TPP generates a nucleophilic
carbanionic adducB(), which subsequently attacks the 4-keto
group of 18. Collapse of the resulting tetrahedral addugt)(
leads to the formation dt7 and regeneration of the coenzyme.
Given the similarity of the YerE-catalyzed reaction to the
reaction catalyzed by acetolactate synthase, we propose herein
to designate this enzyme CDP-4-aceto-3,6-dideoxygalactose
synthase (CADS).

Thus, CADS represents an unusual class of flavoproteins in
which the flavin coenzyme appears to play a structural role in
maintaining the integrity of the enzyme active site. This class,
which includes the acetolactate synthases and glyoxylate carbo-
ligases, is thought to be an evolutionary descendent of pyruvate
oxidase (or a related enzyme), and the flavin requirement exists

the production of these branched-chain sugars, and radioactive®Nly as a vestigial remnaft? Interestingly, a similar structural

products were not detected when cell-free extracts of the
producing strains were incubated with 1-fG]-hydroxyethyl)-
Tpp_lll—lls

role has been proposed for the FAD coenzyme of certain
hydroxynitrile lyases, which are distantly related to the glueose
methanocholineoxidoreductase family of FAD-dependent

In previous experiments, such as the aforementioned studies€NZymes. In the case of hydroxynitrile lyases, however, it has

on ascarylose biosynthesis, CDP-3,6-dideoxgtycercp-glyc-
ero-4-hexulose 18) was established as a common intermediate
in the biosynthesis of 3,6-dideoxyhexos$&s!15Since yersiniose
A (28) is a C4-branched 3,6-dideoxyhexose, and the two strains
producing ascarylose and yersiniose A are closely related, it
seemed likely that the sequence and organization of the
yersiniose yer) biosynthetic gene cluster would show a high
degree of homology to thesccluster. Therefore, thescCgene
encoding & was used as a probe to screen a genomic library
of Y. pseudotuberculosigl in an effort to identify theyer
cluster!'® The yer cluster was successfully characterized and
found to contain eight ORFs, two of whiclygfE and yerF)
are essential for incorporation of the hydroxyethyl branch of
yersiniose AL1®

YerE shares 32% sequence identity with the large subunit of

recently been proposed that, in addition to its role in maintaining
active site integrity, the oxidized flavin coenzyme helps maintain
a positive electrostatic potential in the active site, which
stabilizes the cyanide anion that forms during turnd¢&fhus,
while the FAD is not involved in redox chemistry, it may
electrostatically stabilize the reaction intermediates.

UDP-Galactopyranose Mutase:
Covalent Catalyst

Flavin Acting as a

D-Galactose is a sugar found ubiquitously in nature in its
thermodynamically stable pyranose form (@afl122 The
furanose form ob-galactose (Gé#) is decidedly less common,
being limited primarily to the cell walls and/or cell membranes
of microorganisms, including several human pathogens such as

acetolactate synthase, a FAD-containing TPP-dependent enzymeVlycobacterium tuberculosig* 126 UDP-Gap (32) is converted

YerF shows moderate homology to NAD(P) binding enzymes,
such as UDRs-galactose-4-epimerase and CDRyvelose-2-
epimerase. Thus, the structure of ter cluster is consistent
with the CDP-yersiniose A 29) biosynthetic pathway shown
in Scheme 8.

to UDP-Gaf (33) through the action of the FAD-dependent
enzyme UDP-galactopyranose mutase (UGM) (Scheme 10),
which has an equilibrium constant of 0.057 in the forward
direction!?”-12° Since Gdl is not a constituent of human
glycoconjugates, UGM is an attractive drug tarfét.

Studies on acetolactate synthases have shown that FAD plays UGM is a homodimeric enzyme with a subunit molecular

no obvious role in the catalysis, whereas TPP is critical for the
formation of an acetyl carbanion from pyruvate and facilitation
of the subsequent condensation reactidnTo verify the
catalytic role of YerE, recombinant protein was overexpressed

weight of ~43 kDal?8131Each subunit binds one equivalent
of FAD. The role of flavin in the unusual ring contraction
reaction catalyzed by UGM is not immediately apparent since
there is no net redox change of the substrate or product. The
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SCHEME 9. Chemical Mechanism of CDP-4-Aceto-3,6-Dideoxygalactose Synthase (Y&rE)
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a|n this reaction, FAD does not participate directly in catalysis but instead may play a structural role in maintaining active site integrity.

SCHEME 10. Reaction Catalyzed by UDP-Galactopyranose SCHEME 11. Mechanistic Probes Used to Study UGM

Mutase (UGM) Catalysis: 1,4-Anhydrogalactopyranose (34), UDP-[2-F]Gal
(35), UDP-[3-F]Gab (36), and UDP-galactitol (37)
HO __oH o
g% FAD,oq Ho._J.. O .ouDP HO_ O HO _oH
HO —_— ) < o)
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35
reduced form of the flavin coenzyme is required for catalytic HO
activity 131132 UGM reconstituted with 1-deazaFADkf; = OH HO HO
22 s andKp, = 39 uM) has comparable catalytic activity to \/k(\AOUDP
1 I = 1 =
UGM reconstituted with regular FADk{x; = 25 st andKy, HOOUDP HO OH

30 uM), whereas enzyme reconstituted with 5-deazaFAD is
catalytically inactivet3® Since 5-deazaFAD is limited to two-
electron-transfer processes, while FAD and 1-deazaFAD canN5 of FADgin UGM donates a hydrogen bond to a main chain
undergo both one- and two-electron processes, these results arearbonyl, which may help to increase the ability of the coenzyme
consistent with a radical mechanism for UGM catalysis. Further to act as a nucleophile/reductdAtMolecular modeling, either
evidence in support of a radical mechanism comes from a alone or in conjunction with saturation transfer difference
thermodynamic analysis of UGM which showed that the EAD  nuclear magnetic resonance (STRMR) spectroscopy, has
is stabilized in the presence of substrate and the reduced flavinbeen used to predict the binding mode of UDP{5@&2) to
is present in its anionic form, which would facilitate electron UGM from the available crystallographic da&:137
transfer to the substrate in a crypto-redox proéésalterna- On the basis of positional isotope exchange (PIX) experi-
tively, the fact that UGM reconstituted with 5-deazaFAD is ments, it was determined that the anomerie@bond of the
inactive may reflect the importance of having a nitrogen atom, substrate is cleaved and re-formed during the course of the
with its lone pair of electrons, at position 5 of the flavin ring. reaction!®8 This important finding led to a mechanistic proposal
Indeed, an N5-alkylated flavin was trapped in UGM reaction involving a 1,4-anhydrogalactopyranose intermediate $cheme
mixtures treated with sodium cyanoborohydride, suggesting that 11). However, when authentic 1,4-anhydrogalactopyranose was
a FAD—substrate adduct may be an intermediate in the catalytic synthesized and incubated with UGM and UDP, UDPg&2aR)
cycle of UGM (see39in Scheme 12335 and UDP-G4l(33) were not formed as product® Mechanisms
The crystal structure of UGM from several bacterial sources involving oxidation of sugar hydroxyl groups at C2 or C3 were
has been solved with FAD bound at a putative active site lined effectively ruled out in experiments with 2- and 3-fluorinated
with conserved residuédl136 Site-directed mutagenesis con- UDP-Gap, which are both substrates for UGM, exhibitikg
firmed the importance of three conserved tyrosine residues andandKn, values of 0.033 st and 65«M for UDP-[2-F]Gap (35)
a conserved tryptophan residue in catalysis, which are thoughtand 5.7 s and 861uM for UDP-[3-F]Gab (36).1?° The
to interact with the substrate through hydrogen-bonding and particularly slow rate observed with UDP-[2-F]®435) may
stacking interactions with the UDP moiety, respectiviéiThe be due to the inductive effects of the fluorine substituent at C2
flavin coenzyme is situated between one of the conservedty-and is consistent with the formation of oxocarbenium intermedi-
rosines and a conserved histidine resitfén contrast to ACDs, ates (such a8 in Scheme 12) or transition states during
in which the N5 atom of FAR accepts a hydrogen bond from  turnover. Additional support for an oxocarbenium ion intermedi-
a threonine residue (thereby increasing its electrophilicity), the ate comes from recent studies using the linear substrate

6336 J. Org. Chem.Vol. 72, No. 17, 2007



JOC Perspective

SCHEME 12. Two Possible Mechanisms of UGM Catalysis
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aIn these mechanisms, FAD plays a role in facilitating the ring contraction reaction through the formation of an N5 adduct. In forming the flavin
substrate adduct, FAD could be acting as a nucleophile (inner path) or as a SET cofactor (outer path).

analogue, UDP-galactitol (UDP-GalOR3y).140 UDP-GalOH, hydroxyl of the galactose moiety leads to the formation of a
whose UDP moiety can be displaced viga2Sbut not {1 FAD—product adduct41). Collapse of this adduct leads to the
mechanisms, was found to be an inhibitor, but not a substrate,formation of a G&l oxocarbenium ion42), which can recom-

of UGM, with a binding affinity similar to that of UDP-Ggl bine with UDP to generate the final produ@&3]. However,

(32. more research is needed to distinguish between the various
On the basis of the above observations, a mechanism formechanistic proposals for UGM catalysis. This knowledge will
UGM catalysis can be envisioned where a@akocarbenium be essential for the rational design of novel therapeutic agents
ion intermediate 38) is intercepted by N5 of FAR,, either by targeting Gdiformation in human pathogens.

direct nucleophilic attack or single-electron transfer (SET)

followed by radicat-radical recombination (Scheme 12, inner 1YPe |l Isopenter]yl _Dipho_sphate:DimethyIa’I?IyI
and outer paths, respectively). Formation of the FADbstrate ~ DiPhosphate Isomerase: Flavin Playing a Novel Role*
adduct 89) can then facilitate ring opening through the Isoprenoids are a large and structurally diverse class of

generation of an iminium ion4Q). Recyclization using the C4  metabolites that are essential to fifé-143Included in this class

J. Org. ChemVol. 72, No. 17, 2007 6337



JOC Perspective

SCHEME 13. Chemical Mechanism of IDI-F
H* o H*
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aThis mechanism involves acid/base chemistry and proceeds with
formation of a 3-carbocation intermediatet4).

are the sterols, dolichols, carotenoids, ubiquinones, and the

lipophilic side chains of prenylated proteins. These compounds
are utilized in a variety of ways by living organisms, functioning
as hormones, vitamins, visual pigments, pheromones, toxins
and components of cell membranes. All isoprenoids derive from
the same five-carbon building blocks, isopentenyl diphosphate
(IPP,43) and dimethylallyl diphosphate (DMAPRSY). Isopen-
tenyl diphosphate:dimethylallyl diphosphate isomerase (IDI)
catalyzes the reversible interconversion of IPP and DMAPP.
There are two distinct types of IDI. Type | IDI (IDI-1) has been
extensively studied and requires two divalent metal ions{Mg
and zrt) for activity.1*4 The Mg?™ ion promotes substrate
binding by coordinating the diphosphate moiety of IPP/DMAPP,
while the Zr#* ion binds to a hexacoordinate site in the enzyme
that contains an essential glutamate residue. It is believed tha
this glutamate, in conjunction with a nearby tyrosine residue,
acts as a catalytic acid, protonating the double bond of IPP to
generate a3carbocation intermediatd4). Subsequent removal

of the proR C2 proton of44 by a conserved cysteine residue

completes the isomerization reaction (Scheme 13). In contrast

to IDI-1, type 11 IDI (IDI-2) requires a reduced flavin coenzyme
in addition to divalent metal iong>14éHumans rely exclusively

on IDI-1 for the synthesis of isoprenoids, while several
pathogenic bacteria, includin§taphylococcus aureusnly
possess IDI-2. Because of the distinct evolutionary origins and
unique cofactor requirements of the two types of IDIs, IDI-2
represents a promising new drug target.

IDI-2 is a member of the§)-a-hydroxyacid dehydrogenase
superfamily, and several crystal structures of IDI-2 enzymes
are now availablé4’~14% However, mechanistic studies on this
enzyme remain sparse, and the role of the flavin coenzyme in
catalysis is unknown. During preliminary mechanistic studies
conducted in our laboratory, we have shown that the IBI-2
FMNox complex is reduced with stoichiometric amounts of
NAD(P)H via stereospecific transfer of the pg&hydride, and
that the resultant IDI-2FMNq is capable of performing
multiple turnovers3? Initially, this led to the proposal of a
mechanism where, following FM}N reduction and substrate
binding, IPP is protonated by an active-site acid to give€-a 3
carbocation 44), similar to the reaction catalyzed by IDI-1
(Scheme 14, outer left path). FM{ could then transfer one
electron to the intermediate, yielding a neutral F)Bubstrate
radical pair 46).2 Electron transfer back to FM@jland removal
of the proR proton from C2 by an active-site base could then
complete the isomerization and regenerate FMfor another
round of catalysi$>! From the available crystal structures, which
were solved with FMIY, in the absence of substrate, it is not

enzyme reconstituted with 5-deazaFMN has no activity. The
inability of 5-deazaFMN to support IDI-2 catalysis was previ-
ously demonstrated by Hemmi et 4% Using UV/visible
difference spectroscopy, we have shown that EMiEnd
5-deazaFMN have similar binding affinities for the active site,
while 1-deazaFMy exhibits slightly weaker binding. These
results suggest that the flavin coenzyme does not simply play
a structural role in catalysis, as has been previously suggi8ted.
Instead, the flavin (and more specifically, N5 of FMN) most
likely plays a direct role in chemistry or intermediate stabiliza-
tion. Interestingly, a neutral flavin semiquinone has been
observed in anaerobic stopped-flow assays and IDI-2 thermo-
dynamically stabilizes FME, during photoreduction experi-
ments and redox titrations in the presence of substP&fé?
Although these results appear to support a mechanism involving
SET chemistry mediated by FMN, we have yet to establish the
catalytic competence of the neutral FM{NFurthermore, the
anionic reduced FMN, which is present in the resting state of
the enzyme, is rapidly converted to a neutral FMNipon
substrate bindiné?2 Protonation of the flavin N+C2=0 locus
could be carried out by Lys186 or His148.(aureusnumber-
ing), both of which are conserved and are within hydrogen-
bonding distance to either N1 or @Z. If IDI-2 employs a
tmechanism involving electron transfer, the accumulation of a
neutral reduced FMN, which is a poorer thermodynamic
reductant than the more electron dense anionic ki khay
indicate that the SET reaction occurs in the inverted Marcus
region. As an alternative to electron transfer, it is possible that
FMNeq serves to electrostatically stabilize the developing
substrate carbocation (Scheme 14, inner left path). This would
be similar to the putative catalytic role performed by the BAD
coenzyme of hydroxynitrile lyase?

The behavior of the flavin coenzyme during IDI-2 catalysis
bears a striking resemblance to that observed in the reaction
catalyzed by chorismate synthase (CS). CS catalyzes the
conversion of 5-enolpyruvyl-3-shikimate phosphate (ERSP,
to chorismateg0) in the final step of the shikimate biosynthetic
pathway. This reaction involves tlaati-1,4-elimination of the
3-phosphate group and the unactivated C6 Rnaroton from
EPSP and requires reduced FMN for activity (Scheme®135)L54
Like the reaction catalyzed by IDI-2, there is no net redox
change in the CS-catalyzed reaction. The enzyme binds anionic
FMNreq, but upon substrate binding, a large conformational
change leads to the rapid accumulation of neutral reduced
FMN.155-158 protonation at the Ni1C2=0 locus of the
coenzyme is likely carried out by a conserved histidine
residuet>®160Transient kinetic experiments and KIE measure-
ments suggest that tlati-1,4-elimination is stepwise in nature,
with phosphate elimination preceding C6 deprotonafiéift164
Studies using fluorinated EPSP substrate analogues support the
formation of an electron-deficient cationic intermediafd)(
during turnovei83 A neutral semiquinone speci€s? has been
observed under certain conditions in various CS reaction
mixtures, suggesting that FMN may transiently reduce this
cationic species to an allylic radical intermedia@)(16.165.166
However, the FMN, has never been observed to form in a

clear what the putative acid/base residues could be, althoughcatalytically competent manner and has not been detected in
de Ruyck et al. have suggested that a conserved glutamatesingle turnover reactions with EPS®.Recently, the crystal

residue (E155 irS. aureulcould be the base that removes the
pro-R proton from C2149

In support of a mechanism involving SET, we have found
that IDI-2 reconstituted with 1-deazaFMN is active, whereas

6338 J. Org. Chem.Vol. 72, No. 17, 2007

structure of CS in complex with FM)l and EPSP has been
solved!®® EPSP was found to stack on the flavin coenzyme,
with N5 of the isoalloxazine ring in close proximity to the pRo-
hydrogen atom at C6 of EPSP. The lack of any other base in
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SCHEME 14. Four Possible Mechanisms of IDI-2 Catalysks
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a|n these mechanisms, FMN plays a role in the isomerization reaction by participating in SET (outer left path), modulating the electrostatiofpotentia
the active site (inner left path), acting as an acid/base catalyst (inner right path), or by sequentially protonating, reducing, and abstdxotjeq atoyn
equivalent from the substrate (outer right path).

the vicinity of C6 suggests that N5 most likely removes this a formal reduced N5 anion in acid/base chemistry has never

proton, either by hydrogen atom abstraction from the allylic before been demonstrated in flavin-dependent enzyme catalysis,
radical intermediate or by direct deprotonation of the cationic such a species could both electrostatically stabilize a developing

intermediate with the aid of a strictly conserved aspartate residuesubstrate carbocation and act as a general base. While the N5
via an intervening water molecule (Scheme 15, outer and inner proton of reduced flavin is not typically very acidic, specific

paths, respectivelyp®160.167The essential role for N5 in CS
catalysis is also supported by the inactivity of the enzyme
reconstituted with reduced 5-deazaFN.

Given the similarities between the IDI-2 and CS reactions, it
is likely the flavin coenzymes act in similar capacities.
Therefore, it is possible that the flavin N5 in IDI-2 is directly
involved in protonating IPP4@), generating the 3carbocation
intermediate44) and an N5 anionic specie44). The N5 anion
could then deprotonate C2 directly or the anionic flavin could
transfer a single electron to the carbocaddnforming a radical

active-site geometries and flavin interactions could depress this
pKa to an accessible value, especially if a positively charged
intermediate forms in close proximity during the course of the
reactiont’%171 Consistent with this hypothesis, an absolutely
conserved threonine residue (T67 $n aureuy was found to
form a hydrogen bond with the N5 atom of FMRKE The
involvement of N5 in acid/base chemistry may also be facilitated
by the protonation of the NAC2=0O locus of the anionic
reduced flavin that occurs upon substrate binding, as this should
help to lower the K, of N5. Further mechanistic studies will

pair (48) that is converted to products by hydrogen atom transfer be needed to verify the role flavin plays in IDI-2 catalysis, but

from C2 (Scheme 14, inner and outer right paths, respectively).

The radical pair48) could also be generated directly frof3
by hydrogen atom transfer from N5 to IPB3[ in a concerted

it is clear that this enzyme may employ novel flavin chemistry,
with the coenzyme acting as a general acid/base catalyst.

proton-coupled electron-transfer (PCET) mechanism. Interest- conclusion

ingly, Eguchi and co-workers have recently shown that an
epoxide analogue of IPP inactivates IDI-2 fravtethanocal-
dococcus jannaschily forming a covalent flavin N5 adduét?

From electron transport and DNA repair to the biosynthesis
of primary and secondary metabolites, flavin-dependent enzymes

This result clearly shows that the substrate binds in close have worked their way into many facets of cellular metabolism.
proximity to the flavin ring and suggests that electron density This is undoubtedly a function of their versatile and adaptable
is capable of accumulating at N5. Though the involvement of chemistry, which has been exploited by many different enzymes
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SCHEME 15. Two Possible Mechanisms of CS Catalysis
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aFMN plays a role in this elimination reaction by acting as an acid/base catalyst (inner path) or by performing a SET and then abstracting a hydrogen
atom equivalent from the substrate (outer path).

to carry out a diverse array of reactions. Flavin coenzymes areby flavin coenzymestruly making them one of Nature’s most
employed by nature for numerous energetically difficult reac- versatile thespians.

tions, such as the oxidation of aliphatic substrates catalyzed by
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