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Abstract: The type Il isopentenyl diphosphate:dimethylallyl diphos-
phate isomerase (IDI-2) catalyzes the reversible isomerization of the
two ubiquitous isoprene units, isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP), which are required to initiate
the biosynthesis of all isoprenoid compounds found in nature. The
overall chemical transformation catalyzed by IDI-2 involves a net
1,3-proton addition/elimination reaction. Surprisingly, IDI-2 requires
a reduced flavin mononucleotide (FMN) coenzyme to carry out this
redox neutral isomerization. The exact function of FMN in catalysis
has not yet been clearly defined. To provide mechanistic insight into
the role of the reduced flavin in IDI-2 catalysis, several FMN
analogues with altered electronic properties were chemoenzymati-
cally prepared, and their effects on the kinetic properties of the IDI-2
catalyzed reaction were investigated. Linear free energy relationships
(LFERS) between the electronic properties of the flavin and the
steady state kinetic parameters of the IDI-2 catalyzed reaction were
observed. The LFER studies are complemented with kinetic isotope
effect studies and kinetic characterization of an active site mutant
enzyme (Q154N). Cumulatively, the data presented in this work (and
in other studies) suggest that the reduced FMN coenzyme of IDI-2
functions as an acid/base catalyst, with the N5 atom of the flavin likely
playing a critical role in the deprotonation of IPP en route to DMAPP
formation. Several potential chemical mechanisms involving the reduced
flavin as an acid/base catalyst are presented and discussed.

Isopenteny! diphosphate:dimethylalyl diphosphate isomerases (1DI)
catalyze the reversible interconversion of isopentenyl pyrophosphate
(IPP, 1) and dimethyldlyl pyrophosphate (DMAPP, 2) used in the
biosynthesis of isoprencids in al living organisms (see Scheme 1).*
Two structurdly distinct IDIs exist in nature. The type | IDI (IDI-1)
requires only a divalent metal ion for cataysis, whereas the type Il
enzyme (IDI-2) requires both adivalent metal ion and areduced flavin
mononucleotide (FMN) coenzyme? Mechanistic studies of 1DI-1
indicate that it uses acid—base chemistry provided by active site amino
acidsto catalyze a proton addition—elimination reaction viaan electron
deficient carbocation-like intermediate or transition state> ® The
mechanism of 1DI-2 enzymesislesswell understood, and in particular,
it is unclear what role the reduced flavin coenzyme plays in this
isomerization reaction with no net redox change.

Upon binding 1 or 2, the IDI-2 bound reduced FMN is rapidly
converted into a species whose UV —visible absorbance is most
consistent with either an anionic reduced FMNH™ (3) with dightly
atered absorption properties relative to the resting state or a protonated
reduced flavin (FMNH,, either 4 or 5, Scheme 1).”® Following
formation of the enzyme- PP complex, severad mechanismsin which
the reduced flavin plays a catdytic role can be envisoned for the redox-
neutral isomerization catalyzed by IDI-2 (see Scheme 1, paths

9994 m J. AM. CHEM. SOC. 2010, 132, 9994-9996

Scheme 1. Potential IDI-2 Chemical Mechanisms
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A—E).”® The detection of trace amounts of a magnetically isolated
neutral flavin semiquinone (6, Scheme 1, path A) in reaction mixtures
by EPR provided initid evidence for aradical mechanism. However,
no coupled substrate radical (such as 7) was observed.”® Subsequent
attempts to detect 6 in stopped-flow studies under single turnover
conditions failed,® and several radica clock mechanistic probes aso
failed to reveal the existence of radical substrate intermediates.*® These
results cast doubt on an isomerization mechanism involving single
electron transfer. Alternatively, the anionic, reduced FMN (3) could
help to eectrostaticaly stabilize a substrate-derived carbocation (8,
Scheme 1, path B), generated through acid—base chemistry mediated
by active site amino acid residues. However, arecently solved crystal
structure of 1DI-2 in complex with reduced FMN, Mg?*, and IPP (1)
showed no ionizable amino acid side chains in the vicinity of the C2
atom of the bound IPP substrate, raising questions as to the identity
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of the putative proton donor and acceptor in this mechanism.** Another
possihility is that the reduced FMN coenzyme participates directly in
acid—base cataysis, either with the assistance of an amino acid group
(Scheme 1, path C) or by serving as both an acid and a base via
FMNH, or its zwitterionic tautomer (Scheme 1, paths D and E,
respectively).

In our previous rapid-mix chemical-quench studies, it was found
that a step in the kinetic mechanism prior to or concomitant with
DMAPP formation limits turnover in the reaction catayzed by IDI-2
from Staphylococcus aureus® In addition, a 1° substrate deuterium
kinetic isotope effect was measured on ke; when (R)-[2-?H]-IPP was
used as the substrate, suggesting that C2—H/D bond cleavage is at
least partialy rate-limiting.® Based on these observations, we reasoned
that if the reduced FMN playsadirect cataytic rolein theisomerization
step, then alteration of the electronic properties of the reduced flavin
should affect the steady dtate kinetic parameters. To assess this
possibility, we chemoenzymatically synthesized a series of FMN
analogues (9—12, Figure 1A and Figure S1) substituted with various
electron-donating and -withdrawing groups at the 7- and 8- positions
(meta and para, respectively, to the N5 atom of FMN) and investigated
the effects of these analogues on the kinetics of the IDI-2-catalyzed
reaction. When the steady state kinetic parameters for the conversion
of IPP to DMAPP were determined using I1DI-2 reconstituted with
the various reduced FMN analogues, a clear trend was noted. As shown
in Figures 1 and S3, a linear relationship was found between the
logarithm of the steady state kinetic constants (Kex and kea/Krm) versus
either the sum of the Hammett inductive substituent constants™ of
the 7- and 8-substituents (Figure 1B) or the estimated pK, of the N5
atom, taken to be equivalent to the pK, of the corresponding aniline
derivatives (Figure 1C).** These results, combined with our previous
presteady state and kinetic isotope effect studies, strongly suggest that
the electronic properties of the reduced FMN coenzyme of IDI-2 play
a critical role in mediating the isomerization of 1PP (1) to DMAPP
(2). The negative dopesin the Hammett plots (o ~ —2.0) are consistent
with amechanism where the flavin |oses electron density in the step(s)
that limit steady state turnover. Similarly, the positive dopes in the
Bransted plots (3 ~ 0.7) are consistent with a mechanism involving
proton transfer to the N5 atom of the reduced flavin. Together, these
results suggest that the flavin N5 atom may be serving as a genera
base catalyst in the conversion of IPP (1) to DMAPP (2).
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Figure 1. Favin substituent effects on the steady state kinetic parameters.
(A) Structures of the FMN analogues (in their oxidized forms) employed
in this study. Hammett (B) and Brensted (C) plots of log k.a/Kry and log
ke (O and @, respectively). The data were fitted with linear regression
giving p values of —2.1(5) and —2.1(3) for kea/Km and kea, respectively, in
the Hammett plots, and 5 values of 0.7(2) and 0.7(1) for kea/Km and Kea,
respectively, in the Brgnsted plots.

The linear relationship between the steady state kinetic constants
and the electronic properties of the flavins suggest that the overdl
mechanism of the IDI-2 catalyzed reaction remains unchanged as the
flavin substituents are dtered. In support of this, the absorbance changes
in the reduced, IDI-2 bound flavin analogues a 440 nm in the presence
of IPP are very smilar (Figure S2), suggesting that a similar flavin
intermediate forms upon |PP binding. To ensure that formation of the

flavin intermediate (Scheme 1, 3, 4, or 5) does not become significantly
rate-limiting as the flavin structure is atered, we analyzed the effects
of 7-CI-FMN (12, the dowest of the flavin analogues employed in
this study) on the presteady <tate kinetics of flavin intermediate
formation and decay under single turnover conditions with IPP as the
substrate. As shown in Figure 2, the pattern of presteady state
absorption changes with FMN- and 7-Cl-FMN-recongtituted IDI-2 are
very smilar. Namely, the flavin intermediate accumulates rapidly
relative to turnover and then decays to an equilibrium level in a
kinetically competent ow phase. Aswith ke and kea/Kr, both of the
observed presteady State rate constants (Ke.s and Kyow) Were reduced
in the reaction with IDI-2¢7-CI-FMN relative to their values in the
IDI-2eFMN-catalyzed reaction. However, it is important to note that
the fast phase of flavin intermediate formation (kg = 12.1 + 0.1 571
and 1.30 & 0.01 s %) remains ~30- to 40-fold faster than steady state
turnover (kg = 0.47 4 0.01 s7* and 0.029 + 0.001 s %) for the FMN
and 7-Cl-FMN coenzymes, respectively. Thus, there do not appesar to
be any major changes in the mechanism when the flavin coenzymeis
dtered, and the 7-CI-FMN intermediate still accumulates rapidly in
the presteady state, presumably due to a subsequent and partialy rate-
determining chemistry step in the kinetic mechanism.
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Figure 2. Formation and decay of the FMN intermediate (A) and the 7-Cl-
FMN intermediate (B) in the presteady state under single turnover
conditions. The amplitudes and rates for the two kinetic phases were
determined by nonlinear regression as described in the Supporting Informa-
tion. For the FMN-catalyzed reaction, the amplitudes and rates of the fast
and slow phases are as follows: Ay = 0.179(4) AU, kiog = 12.1(1) s,
Agow = —0.090(4) AU, kgow = 4.3(1) s7%, and offset, C = 0.0164(1) AU.
For the 7-CI-FMN-catalyzed reaction: Apg = 0.0410(2) AU, ki = 1.30(1)
s, Agow = —0.0281(2) AU, kgow = 0.096(1) s7%, and C = 0.0197(1) AU.

The reduction in both presteady state rate constants (K and Kgow)
with 7-CI-FMN suggests that, in addition to the chemical step involving
IPP C2—H bond cleavage, other stepsin the kinetic mechanism (such
as the formation of the flavin intermediate upon IPP binding) are
senditive to the electronic properties of the flavin. To assess whether
these other steps are more sengitive to the flavin substituents than the
C2—H bond cleavage step, we investigated the effects of the flavin
anal ogues on the substrate deuterium kinetic isotope effect (Pkey) using
the stereospecifically deuterated analogue, (R)-[2-?H]-IPP (Figures 3
and $4). We anticipated that if other steps in the kinetic mechanism
are more (or less) senditive to the flavin substiuents than the chemical
step involving C2—H/D bond cleavage, then the expression of the KIE
on ke should change. The primary Pk values (ranging from 1.6—2.8)
suggest that C2—H/D bond cleavage is at least partidly rate-limiting
with each flavin analogue (Figure 3A). Hammett plots of the reactions
with IPP and (R)-[2-2H]-IPP (Figure 3B) give p vaues within
experimentd error of each other. Thus, if multiple stepsin the kinetic
mechanism are sengitive to the flavin substituents, they appear to be
effected to similar extents, such that the overall expression of the KIE
on ke is relaively unchanged. Interestingly, while the p values for
the two reactions are within experimenta error of each other, the
magnitude of p for the (R)-[2-2H]-IPP catalyzed reaction appears to
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be dightly larger, leading to a dight increase in Pk as the flavin
becomes a less efficient catalyst. This trend would suggest that the
C2—H/D bond cleavage step becomes more rate-limiting as the flavin
becomes a poorer catalyst, but the sensitivity of our assay currently
precludes this conclusion.

Additional support for adirect catalytic role for the FMN coenzyme
in the IDI-2-catalyzed reaction can be gleaned from previous studies.
For example, the reduced FMN can be covalently modified at the N5
atom by various electrophilic IPP and DMAPP analogues, 15
suggesting that the N5 atom of the reduced flavin carries sufficient
electron dendity to serve as a nucleophile with these electrophilic
inhibitors. In addition, the nearly complete inactivity of IDI-2
recongtituted with reduced 5-deazaFMN*®*" suggests that the N5 atom
of reduced FMN is critica for isomerization chemistry and that the
role of the flavin in catadyss likely extends beyond the simple
electrostatic stabilization of a substrate carbocation intermediate
(Scheme 1, path B). Interestingly, the N5 atom of the reduced FMN
appears to be positioned appropriately for a role as an acid—base
catalyst, as it is only 3.2 A away from C2 of IPP (1) in the crystal
structure.** The substrate in this crystal structure is bound in a mode
that orients the pro-R C2 proton of |PP toward the N5 atom of FMN,
consistent with the known stereospecificity of C2—H abtraction.™®
Furthermore, a hydrogen bond formed between the carbonyl group of a
conserved M66 residue and the N5 atom of FMN (separated by 2.9 A)*
may help to modulate the pK, of the N5 atom for an acid/base catayst
function during turnover. In conjunction with the linear free energy
relationships (LFER) sudies presented here, theseresultsare dl condstent
with an IDI-2 chemicd mechanism involving generd base catayss by
the N5 atom of the reduced flavin coenzyme (Scheme 1, paths C—E).

5 2

A

4
10 11

o
0
log (Keat)

©0 5
-
Y

T I N I N SN S Nt
T N TR N T N T N1

0.3 0 03 -0.6 -0.3 0 03 06

Figure 3. Flavin substituent effects on Pk.4. Reactions with IPP and (R)-
[2-2H]-IPP (O and @ circles, respectively, in panel B) were carried out
under pseudo-first-order conditions as described in the Supporting Informa-
tion. (A) Calculated Pk from the datain panel (B). (B) Hammett plots: p
= —2.5(4) and —2.7(5) for IPP and (R)-[2-?H]-IPP, respectively.
Although the N5 atom of FMN is a reasonable candidate for one
of the acid/base groups required for turnover, the proton source for
the isomerization of IPP eludes us. If the mechanism of path C in
Scheme 1 is operative, then the proton required to complete the
isomerization of PP may be supplied by a proton relay composed of
H10-E222-Q154 (S aureus numbering) that connects the enzyme
surface to the active site. Interestingly, the absolutely conserved Q154
residue is in close proximity to the bound | PP substrate in the crystal
structure and is oriented on the opposite face of the IPP molecule
relative to the FMN N5 atom.™ As such, it appears to be positioned
appropriately for an anti 1,3-proton addition—elimination reaction.
Kinetic studies of the Q154N mutant enzyme indicate a substantial
reduction in ke (170-fold) relative to the wild type enzyme with the
K for IPP (1) being relatively unchanged, suggesting that this residue
may indeed play a crucid role in acid—base catalysis (Figure S5).
Alternatively, the flavin could carry out both the protonation and
deprotonation steps, precluding the need for amino acid derived acid/
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base functiona groups (Scheme 1, paths D and E). If the 1,5-dihydro-
FMNH, tautomer (4) is utilized as the active species in the isomer-
ization reaction (Scheme 1, path D), the N1 atom may serve as the
proton source, with N5 serving as the base in the forward direction.
In this mechanism, the trends observed in the LFER studies could be
explained if the N5 atom “senses’ the inductive effects of the
substituents more strongly than the N1 atom. If the zwitterionic FMNH,
tautomer (5) isemployed (Scheme 1, path E), the substrate protonation
step may be faster than the deprotonation step in this obligate stepwise
mechanism, leading to the observed LFER trends. In these latter two
mechanisms, the Q154 residue may function to keep the substrate and
flavin oriented properly to ensure optimal proton transfer rates.

In summary, LFER studies using several flavin analogues have
provided evidence that the reduced flavin coenzyme of S. aureus
IDI-2 plays a direct role in the isomerization of |PP and DMAPP.
Our data are most consistent with a mechanism (Scheme 1C) where
the N5 atom of the flavin serves as a general acid—base catalyst,
perhaps in conjunction with Q154, to effect the isomerization of
the IPP double bond using proton addition—elimination chemistry.
These studies can now be added to the growing body of experi-
mental evidence” 14151719 g ggesting that the flavin coenzyme
of IDI-2 serves anovel function as an acid—base catalyst. Studies
aimed at elucidating additional features of the IDI-2 catalyzed
reaction are currently in progress.
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