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ABSTRACT: Type Il isopentenyl diphosphate (IPP) isomerase catalyzes the interconversion of IPP and
dimethylallyl diphosphate (DMAPP). Although the reactions catalyzed by the type Il enzyme and the
well-studied type | IPP isomerase are identical, the type Il protein requires reduced flavin for activity.
The chemical mechanism, including the role of flavin, has not been established for type Il IPP isomerase.
Recombinant type Il IPP isomerase frohmermus thermophilusiB27 was purified by Nit affinity
chromatography. The aerobically purified enzyme was inactive until the flavin cofactor was reduced by
NADPH or dithionite or photochemically. The inactive oxidized flavienzyme complex bound IPP in

a Mg?™-dependent manner for whidky ~ KPP, suggesting that the substrate binds to the inactive oxidized
and active reduced forms of the protein with similar affinittldg\-Dimethyl-2-amino-1-ethyl diphosphate
(NIPP), a transition state analogue for the type | isomerase, competitively inhibits the type Il enzyme, but
with a much lower affinity. pH-dependent spectral changes indicate that the binding of IPP, DMAPP, and
a saturated analogue isopentyl diphosphate promotes protonation of anionic reduced flavin. Electron
paramagnetic resonance (EPR) and-tiNsible spectroscopy show a substrate-dependent accumulation
of the neutral flavin semiquinone during both the flavoenzyme reduction and reoxidation processes in the
presence of IPP and related analogues. Redox potentials of IPP-bound enzyme indicate that the neutral
semiquinone state of the flavin is stabilized thermodynamically relative to free FMN in solution.

Isopentenyl diphosphate (IPPsomerase catalyzes the Scheme 1: Interconversion of IPP and DMAPP
interconversion of isopentenyl diphosphate and dimethylallyl
diphosphate (DMAPP), the basic building blocks of iso- Ppo/ﬁ/g a— wo/\)\
prenoid molecules (Scheme 1). This family of natural H H
products now consists of more than 35 000 compoufys (

which comprise several classes of biologically important

molecules, including sterols, carotenoids, prenylated protem_s,diSCOVered more than 40 years ago and has been extensively

dolichols, heme A, and ubiquinones. IPP isomerase is . . X .
L . characterizedy). The enzyme is a zinc metalloproteif) (
essential in organisms that generate IPP through the meva; . A
) that catalyzes the isomerization of IPP and DMAPP by an
lonate pathway found in eukaryotes, archaea, and some

Gram-positive eubacteria?), The enzyme, although not antarafacial 1—9) protonation-deprotonation mechanism
essentFi)aI, is also found in host orgaxism,s that uq[ilize the (10, 1.1)' Structural stu.dies. and site—_directed_ mutagenesis
methylerythritol phosphate pathway, where isomerase activity experiments haye provided |mp(.)rtant' |.nformat|on abopt hO\.N
is probably important for balancing the pools of IPP and the_ substrate bl_nds and hth_a identified several active site
DMAPP (3). residues essential for catalysts2¢-14).

Two structurally unrelated forms of IPP isomerase have Type Il IPP isomerase was first reported in 2005)(In
been identified T%et e | enzyme resides in eukaryotes andcontrast to the type | enzyme, type Il isomerase requires
) - 1hetype y euxary - “flavin mononucleotide (FMN), a reducing agent, typically
in some eubacteria, while the type Il protein is found in

archaea and other eubacterdq. (Type | IPP isomerase was NADPH’. and a divalent metal for 'activity. Presumably,
NADPH is required to reduce the flavin to generate an active

complex. Hemmi and co-workerd §) proposed a radical

T This work was supported by NIH Grant GM25521. S.C.R. was transfer mechanism for the isomerization reaction with the

suep_)l_oort\zﬂot;%/ ::\loerrezgcs)tr?dogrtl?:realsEgS%V\ésgEddGrl\e/lsos?eldll'lflélephone' (801)tr(’;mSierlt formation of a flavin semiquinone (Scheme 2),
581-6685. Fax: (801) 581-4391. E-mail: poulter@chemistry.utah.edu. While others have suggested a structural role for the cofactor

1 Abbreviations: DMAPP, dimethylallyl diphosphate; ESI-MS, elec- (4, 17) in a protonatiof-deprotonation mechanism similar
trospray ionization mass spectrometry; FMN, flavin mononucleotide; to that of the type | enzyme. Type Il IPP isomerase is an
FMNH", anionic reduced FMN; FMNH reduced FMN; FMNH FMN essential enzyme iBtreptococcus pneumoniaad Staphy-
semiquinone; IPP, isopentenyl diphosphate; NIREN-dimethyl-2- . .
amino-1-ethyl diphosphate; TCA, trichloroacetic acid; TEMPO, 2,2,6,6- 10coccus aureusboth of which utilize the mevalonate route
tetramethylpiperidine 1-oxyl. to isoprenoids. Since the type | enzyme is the exclusive IPP

IPP DMAPP
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Scheme 2: Proposed Mechanisms for the Isomerization
Reaction Catalyzed by Type Il IPP Isomerase

an equivalent volume of 10% TCA. The mixture was
vortexed, placed on ice for2 min, and then centrifuged
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(2 min at 14000 and 4°C). The supernatant was neutralized
with an equal volumefdl M Na,HPQ. Alternatively, protein
was diluted to +2 mg/mL with 6 M guanidiniumHCI and

50 mM HEPES buffer (pH 7.5) and incubated for 30 min at
room temperature. Flavin and protein were separated by
ultrafiltration (Microcon YM-30, Millipore, 12 min, 1400f)

4 °C). As a control, a sample of protein-free FMN was
carried through the identical procedure. Absorption spectra
were measured with an Agilent 8453 diode array spectro-
photometer. LE-MS analyses of guanidine-denatured samples

Protonation/Deprotonation
were performed with a Waters Alliance 2695 HPLC system
connected to a Micromass Quattro Il triple-quadrupole mass
spectrometer. Samples were chromatographed on a Phenom-

H* -H* P
PPO o+ PPO (©) + PPO
- H
H H H H
enex Prodigy ODS column, loaded and elutechveit5 mM

isomerase in eukaryotes, the type Il protein represents a : . .

logical target for antibacterial drug$5). Our efforts to obtain ammonium acetate (pH_6.0_)/methanoI (90:10) mobile phase,

a type Il isomerase suitable for both mechanistic and and analyzed by negative ion ESI-MS.

structure-function studies led to the protein frofthermus IPP Isomerase Assaytsomerase activity was measured

thermophilus We report the results of kinetic and spectro- Via the acid lability method20) with modifications similar

scopic studies that reveal a ligand-induced change in the statd0 those described by Kanedtb]. The conditions for assays

of flavin in the resting enzym&MNH~ complex upon are provided in Table 1. Reactions were initiated by the

binding IPP, DMAPP, isopentyl diphosphate, or NIPP. addition of enzyme, diluted in 1 mg/mL BSA and 10 mM
HEPES buffer (pH 7.6), to the assay cocktail. After 10 min,

EXPERIMENTAL PROCEDURES the reaction was quenched with 200 of a 4:1 methanol/

Materials.IPP and isopentyl diphosphate were synthesized HCl mixture and followed by a 10 min incubation at 3z.
from their corresponding alcohols following the procedure ©Organic soluble products were extracted with 1 mL of
of Davisson et al.X8). NIPP was prepared from 2-dimethy- ligroine (boiling point of 96-110 °C, Fisher Scientific).
laminoethyl chloride as described previouslyp), DMAPP Radioactivity in 50QuL of the extract was measured by liquid
was provided by W. Gao and N. Heapd’dJIPP was scintillation (Ultima Gold Cocktail, Perkin-Elmer). Assay_s
purchased from GE Healthcare (formerly Amersham Bio- Were performed at less than 10% substrate conversion.
sciences). The gene encodifig thermophilustype I IPP Activity versus co'ncen'tranon'data were flt'WIth t.he M|chea—
isomerase (locus, TT_P0067) was previously cloned from lis—Menten equation via nonlinear regression with Grafit 5.0
T. thermophilusHB27 genomic DNA 19). Type Il isomerase  (Erithacus Software).
was expressed iBscherichia coliand purified as described IPP Binding Assays.Ultrafiltration assays (50QuL)
previously (9), with the modification that DTT was excluded  contained 8-20 uM enzyme, 1uM [“C]IPP (59uCi/umol),
from the dialysis buffer. Additional modifications were and 100 mM HEPES buffer (pH 7.0) containing 100 mM
applied for the protein purified for use in spectral assays. KCI, 2 mM MgCl,, 40 uM FMN, and 0.8% glycerol. The
Riboflavin (200ug/mL) was added to the expression media, mixtures were incubated for 10 min at 3Z and transferred
and the purified protein was concentratec~th mM with to a Microcon YM-30 (Millipore) filter unit. Following an
an Amicon Ultra-15 30K device (Millipore) and then additional 5 min at 37°C, the samples were quickly
dialyzed against 10 mM Tris buffer (pH 8.0) containing 20% centrifuged (1.5 min at 72@f). Approximately 7QuL of the
glycerol, prior to storage at80 °C. Protein used for assays 500, sample passed through the membrane (30 kDa cutoff)
in DO was dialyzed in a corresponding,® buffer.  qyring a typical spin. Scintillation counting was performed
Glycerol, HEPES, Tris, and guanidiniuhiCl were from  on 50 4L of the flow-through and 5QiL of the original
USB Corp. DO was purchased from Cambridge Isotopes. sample. [EIPP] was calculated from the difference between
Other reagents, unless specified, were purc_:hased from S|gma[.”:>|3]total and [IPP}ee The values for [BPP] at different

Mass SpectrometryConcentrated protein (10L) was  concentrations of enzyme were fit to eq2ll) to determine
diluted into 500 uL of a water/acetonitrile/formic acid KoPP. An offset paramete€ was included in eq 1 to correct

mixture (80:20:0.2) and concentrated via ultrafiltration ¢, o small observed adsorption of unbound IPP onto the
(Microcon YM-30, Millipore). The protein was resuspended membrane.

in the same solution, concentrated, and resuspended in
250 uL of a water/acetonitrile/formic acid mixture (50:50:
0.2) to give a final protein concentration of AM. Positive

ion ESI-MS was performed on a Waters Micromass Quattro
I triple-quadrupole mass spectrometer.

Protein and Flain Analysis.The concentration of the
purified protein was determined by the BCA and Bradford  Dependence of IPP Binding and Isomerization on MgCl
protein assays (Pierce). The concentration of bound flavin Concentrated protein was dialyzed for 24 h &CGlagainst
was determined as follows. Protein (6Q, ~6 mg/mL in 10 mM Tris buffer (pH 7.5) containing 20% glycerol and
25 mM HEPES buffer at pH 7.5 and 2E) was mixed with 5% Chelex-100 (Bio-Rad Laboratories) to remove divalent

[E:IPP]= %(KD'PP + [IPP}, + [E], — (Ko *F + [IPP], +
[E]y* — 40PPI[E])™) + C (1)
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Table 1: Steady State Kinetic Parameters for Type Il IPP Isomerases

IPP FMN NADPH MgCh
enzyme Keat (x 10Ps7Y) Km (uM) Keal Km (x10°uM 1 s7%) Kp (uM) Kp (uM) Kp (uM)
T. thermophilug 17.940.2 5.6+ 0.3 32 4.6H 0.55 110+ 10 130+ 10
B. subtili 25 670 nf nrd nrd nrd
Synechocystis 23 52 4.4 nt nrd nrd

a Assay conditions for IPP parameters were as follows: 200 mM HEPES (pH #Q)) 6M T. thermophilustype Il IPP isomerase,-140 uM
[*C]IPP (10-59 uCi/umol), 40uM FMN, 2 mM NADPH, 2 mM MgCh, and 0.14 mg/mL BSA at 37C. ® From ref28; k. calculated from the
reportedVmax. ¢ From ref27. 9 Not reported.

metal. Assay buffers and reagents were mixed with 5% toreduced and allowed to oxidize over time with shaking
Chelex fo 1 h at 25°C and filtered. Plasticware used in (22). This procedure was conducted three times over-a 20
assays was washed with,® that had been treated with 30 min period. The side arm with the substrate was also
Chelex and filtered. Assays were conducted atLl0 mM photoirradiated briefly. Photoreduction of the main solution,
MgCl,. The data were fit with the MichaelidMenten prior to or after mixing with substrate, was achieved within
equation to calculat&pVeCh, Ultrafiltration assays were used 15 min of photoirradiation as determined from spectra taken
to determine the effect of Mg on binding of IPP to the  at~1 min intervals. The spectrum of the enzyme/substrate
E-FMNyx complex. Microcon YM-30 (Millipore) filtration mixture was monitored over time at 3C with an Agilent
units were incubated with 200 mM EDTA, centrifuged, and 8453 diode array spectrophotometer.
then rinsed twice with Chelex-treated water. Assays were EPR SpectroscopReactions for EPR spectroscopy were
performed as described above witl¥ [*C]IPP (59uCi/ performed in a Coy Labs anaerobic chamber. Samples and
umol), 0 or 12uM Chelex-treated enzyme, and 0 or 2 mM  puffers were purged with purified argon before being placed
MgCl,. MgCl, did not alter the small amount of IPP absorbed in the glovebox. To generate the flavin semiquinon@l5
on the membrane observed in the absence of protein. In aof 50 mM sodium dithionite in 50 mM Tris buffer (pH 8.7)
second experiment, 1 mM EDTA with either 0 or 5 mM was added to a 250L mixture of 200 mM HEPES buffer
MgCl, was employed instead of Chelép in the presence  (pH 7.7 or 7.2) containing 2 mM Mggl3—10% glycerol,
of 1 mM EDTA without MgCh was measured as described 100 uM enzyme-bound FMN, and either 25M IPP,
above. 250 uM DMAPP, or 10 mM isopentyl diphosphate.
Spectroscopic Assays with NADPAhaerobic assays used Reactions in RO were performed in a similar manner at
800 uL reaction mixtures in 200 mM HEPES buffer (pH pD 7.7 with buffers and enzyme prepared in or dialyzed
7.0) containing 25 M enzyme-bound FMN and 10 mM  against DO. Following reduction, samples were quickly
MgCl, at 37°C. The mixtures were placed in a cuvette sealed transferred to an EPR tube with a rubber septum, removed
with a silicone septum and purged with nitrogen. NADPH from the glove box, and frozen in liquid nitrogen. In an
(2 mM) and then 5«M IPP were added anaerobically via attempt to detect a substrate radiefiavin radical pair,
airtight syringes. 6.25uL of 200 mM sodium dithionite was first added to a
Photochemical Spectroscopic Assa§Botoreduction was  mixture containing 40:M enzyme-bound FMN without
performed in a 3.5 mL gastight all-glass cuvette (Starna substrate. After an-2 min incubation to ensure complete
Cells) with two side arms (one with a stopcock) and a three- flavin reduction, the substrate was added to the mixture and
way stopcock. Joints and stopcocks were sealed with Apiezontreated as described above. Continuous wave EPR spectra
N high-vacuum grease. The cuvette chamber containedwere obtained at 77 K with a Bruker ESP300 spectropho-
2.1 mL (final concentrations are indicated for 2.2 mL after tometer operating at X-band frequencies. Conditions for
mixing) of 100 mM HEPES buffer (pH 7.0 or 8.5) containing measurement are provided in Figure 4. TEMPO #4580 in
100 mM (pH 7.0) or 40 mM (pH 8.5) KCI, 20M enzyme-  a methanol/HO mixture (98:2) was employed as a standard
bound FMN (36-40 uM total enzyme), 5:M added FMN,  for calculation ofg factors @3).
2.25uM riboflavin, 5% glycerol, 2 mM MgC, and 1 mM Redox PotentiometryRedox titrations were carried out
sodium oxalate at 37C. The substrate side arm contained in a glass anaerobic cuvette similar to the apparatus described
100uL of 50 mM HEPES buffer (pH 7.0 or 8.5) containing by Dutton @4). This device was fitted with a silicone
55 uM (final concentration at pH 7.0) or 200M (final stopper containing a reference silver/silver chloride electrode
concentration at pH 8.5) IPP, 58/ riboflavin, and 1 mM in 3 M NaCl and a platinum measuring electrode. The cuvette
sodium oxalate at 37C. The final IPP concentration was chamber contained 7 mL of degassed 200 mM HEPES
saturating at each pH. Related experiments were conducteduffer (pH 8.0) containing 2 mM MgG| 150uM IPP, and
with NIPP at pH 7.0 (25Q:M) and pH 8.5 (1 mM) and  30-60 uM redox mediator at 25C. The redox mediator
isopentyl diphosphate at pH 7.0 (10 mM). The side arm with dyes used for the titrations were as follows: neutral red
the stopcock was filled with 1 mL of 100 mM Tris buffer (En = —325 mV), anthraguinone 2-sulfonaté,{ =
(pH 8) containing 1 mM methyl viologen, @M proflavine —225 mV), 2-hydroxy-1,4-naphthoquinon&,( = —152
hemisulfate, and 10 mM EDTA. Six to eight cycles of mV), 2,5-dihydroxyp-benzoquinonel,, = —60 mV), me-
degassing under vacuum and repressurization with OxiClearnadione E,, = 0 mV), and phenazine ethosulfaté(= 55
(LabClear) purified argon were performed before the cuvette mV). Purified argon was bubbled into the solution for
was sealed. The samples were photoreduced by irradiationr3—4 h. Enzyme (25M final) was added via syringe, and
with a 300 W slide projector. To minimize oxygen contami- the solution was further deoxygenated over the course of
nation, the side arm containing methyl viologen was pho- 1—3 h. Reductive titrations were performed with 3 mM
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sodium dithionite and oxidative titrations with 24 mM increased the occupancy to 70%. The activity of purified
potassium ferricyanide. Once the voltage reading stabilized enzyme was also enhanced by addition of exogenous FMN.
at each titration point, absorption spectra were monitored A plot of v/Er versus [FMN] was hyperbolic with a half-
with an Agilent 8453 diode array spectrophotometer. Changesmaximal increase in rate ats uM FMN (see the Supporting

in absorbance at 620 nm, representing the neutral semi-Information). Assuming that the maximal rate reflects
quinone, were plotted as a function of the ambient redox saturation of IPP isomerase by FMN, the 2.9-fold increase
potential. Data were fit using a Nernst function describing a in the rate at 37C is consistent with a predicted increase of
one-electron redox process. The calculated midpoint redox3.1-fold, corresponding to 32% occupancy determined for
potentials were corrected for the potential of the Ag/AgCI the purified protein by the spectral analyses described above

reference electrode by adding 209 mV.

RESULTS

Mass Spectrometry and Rl Content. Type Il IPP
isomerase fronT. thermophiludearing an N-terminal His
tag was expressed iB. coli and purified in two steps via
heat treatment followed by Ni-NTA chromatograpHy.
The protein maintained a yellow color throughout purifica-
tion, consistent with retention of bound flavin. A sample of

protein prepared for ESI-MS was colorless and gave an

observed mass of 38 098 0.01% Da. This value agrees

with the calculated mass of 38 100 Da for the recombinant

apoenzyme with the N-terminal Hisgag and a factor Xa
protease site.

The protein was denatured by treatment with 5% trichlo-
roacetic acid (TCA) followed by centrifugation or by
treatment with 6 M guanidinium hydrochloride, and then by

ultrafiltration, to release the bound flavin and separate the ;; 37

cofactor from the protein. Both methods yielded similar
quantities of free flavin, as determined by BVis spec-

troscopy. Spectra of free and enzyme-bound cofactor at
equal-molar concentrations are shown in Figure 1. Free flavin

and the BCA protein assay. The increase in activity upon
preincubation of the enzyme with 250 nM FMN during time
course measurements indicated slow tight binding of the
cofactor (see the Supporting Information). The data were fit
to a pseudo-first-order equation to givéxgs of (1.0 + 0.2)

x 107371, which provides an approximakg, near 16 M~

s 1 for addition of FMN to the type Il protein at 37C.

IPP Binding and IsomerizatioriThe steady state kinetic
constants for the conversion of IPP to DMAPP were
determined under aerobic conditions at 37 (Table 1).
Preincubation of the enzymerfd h at 37°C prior to the
addition of substrate did not result in a loss of enzyme
activity. While the activity of the enzyme is higher at
60°C, 37°C was used in our studies to minimize fluctuations
in temperature, minimize changes in concentration due to
condensation of water on the sides of the cuvettes, and
increase the stability of the enzyme. The affinity of radio-
labeled IPP for the enzymeMN complex was measured
°C using an ultrafiltration binding assay, where
Kp'PP=4.44 0.4uM (see the Supporting Information). This
value is similar to theky'P? determined under state steady
conditions. NIPP, a potent transition state analogue/
slow tight-binding inhibitor for type | IPP isomeraséd <

has absorbance maxima at 374 and 446 nm, consistent witlb_lz nM) (L0), was evaluated as an inhibitor of the type I

the reported spectrum of FMN2§). LC—MS of the
denatured samples gave a peaknét 455 for FMN, while

enzyme. Under steady state conditions, NIPP was a competi-
tive inhibitor with aKNPP of 5.1 &+ 0.5 uM at 37 °C (see

the fluorescence properties of the guanidinium-releasedy,q Supporting Information). Time-dependent inhibition of

cofactor closely resemble those of free FMN (see the

NADPH-reduced enzyme by &M NIPP was not observed

Supporting Information). The absorption maxima shift to 368 ¢4 15ing a 40 min incubation prior to IPP addition (data
and 460 nm, respectively, with a slight decrease in intensity shown). Isopentyl diphosphate, a saturated analogue of

in the enzyme&=MN complex. On the basis of a compari-
son of spectra for bound and released or free FMN
(eass = 12500 M cm?), an extinction coefficient of
11 300 Mt cmt at 460 nm was calculated for the enzyme
FMN complex with an FMN occupancy of 32 or 25%,
employing the BCA or Bradford assay, respectively. Supple-
mentation of expression media with 20@/mL riboflavin

0.2

Absorbance

350

400 450

Wavelength (nm)

Ficure 1: UV—visible spectra of enzyme-bound (dark blue) and
5% TCA-released (orange) FMN at equal concentrations.

500 550 600

IPP and DMAPP, inhibited turnover of &M IPP (1Cso =
1.2+ 0.1 mM).

Catalytic Requirement for Reduced FMMWype Il IPP
isomerase, when purified and assayed under aerobic condi-
tions, needs a reducing agent for activigy (5, 26—29).

The oxidized form of thdl'. thermophilusenzyme was also
inactive. An apparenkpNPPH value of 1104+ 10 uM was
measured under aerobic conditions (Table 1). Spectroscopic
assays (described in the next section) show that enzyme-
bound flavin is rapidly reduced by NADPH. Sodium dithion-
ite also reduces enzyme-bound FMN to FMNInd can
substitute for NADPH to produce an active enzyme. Under
anaerobic conditions, the enzyme is also only active in the
presence of a reducing agent (J. Johnston, unpublished
observations).

Mg?" Dependence for Catalysis and Bindifidhe require-
ment of Mgt for catalysis and for substrate binding was
evaluated. When purified IPP isomerase was assayed in a
metal-free buffer, the enzyme had20% of the activity
observed in buffer containing 2 mM Mg&£IThe activity
decreased te:0.2% when the protein was dialyzed against
Chelex and assayed in Chelex-treated metal-free buffer.
Koapp9%2 = 130+ 10 uM (see Table 1). In ultrafiltration
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Ficure 2: Reduction of enzyme-bound FMN by NADPH under
anaerobic conditions at pH 7.0 and 3Z. Shown are spectra of
25 uM FMN in assay buffer (dark blue), FMNH formed
immediately after mixing with 2 mM NADPH (red), and FMNH
formed after the subsequent addition of @d IPP (dark green).

02

01 F

Absorbance

experiments, the fraction of radiolabeled IPRP«{ll) bound

to excess enzyme (12M) increased from 0.08 to 0.7 when
MgCl, was added to the assay buffer. A similar MgCl
enhancement of binding was also observed for the untreated
enzyme (12uM) with 1 mM EDTA. A Kp of 84 + 9 uM

was measured for the binding of IPP to the oxidized enzyme
in the presence of 1 mM EDTA without Mg&€(data not
shown).

Spectroscopic Analysis of Bound FMN and FMNHV —
visible spectroscopy was used to characterize the bound
flavin species in enzymEMN and enzymdMNH~ com-
plexes 25, 30). Under anaerobic conditions, the absorbance
at 460 nm decreased rapidly upon mixing the enz#iveN
complex and NADPH (Figure 2). This change was also
observed under aerobic conditions. These results are con-
sistent with reduction of the enzynt&VIN complex to the
enzymeFMNH~ complex. However, the spectra do not
permit FMNH" to be identified unambiguously because of
the intense absorption for NADPH at 340 nm. To circumvent FiGure 3: UV—visible spectra of isomeragkavin complexes at

this problem, the flavin was reduced photochemically with g:'z;moe lfl\’/‘l"j\l 2;;%'6()‘?)( dgi’;‘gluceo)%sﬁ]gogng;‘rsgj E%”fgg%&;;he
oxalate under anaerobic conditior&l(32). A time course red). (b) Enzymeé=MNH- (red), enzyme=MNH.+IPP (dark green),

for photoreduction of FMN in the presence of excess protein and enzyme=MNHIPP (dark purple) complexes. (c) Time course
is shown in Figure 3a. The reaction proceeds to give a seriesfor photoreduction of the oxidized enzyrIN-IPP complex (light

of spectra with an isosbestic point at 330 nm, indicating that blue) to the enzym&MNH-IPP complex (dark purple).

the reaction occurs without the accumulation of an interme-

diate. The final species has an absorbance maximum at

352 nm ¢ ~ 5500 M™* cm™) characteristic of anionic  absorbance spectrum of neutral reduced flavin in a polar
reduced FMN (Figure 3b), which has a peak at 342 nm when organic solvent is similar to those of the two flavoenzymes
free in solution 25). FMNHT is the typical protonation state (25). These similarities suggest that the binding of IPP
for the reduced cofactor in most flavoenzym@8)( The  jqyces concomitant protonation of the flavin in the

photoreduced enzyme is enzymatically active (J, ‘JOhnSton'enzymeFMNH‘ complex at pH 7.0. When the pH of the

unpublished r(?SUItS)' B buffer is increased from 7.0 to 8.5, the YVisible spectrum

ob\tlg?neend IE;) p;flo?gga%%ctt?ort]hi\t e;;yfg'NtT]e Silims?tl)?é( of the enzyme=MNH™~ complex is essentially unaltered. In

absorbance spectrum of the flavin gives a’ new spectrum with contrast, the spectrum'of the |s'omer§§MNH2-IPP co[nplex
changed to one consistent with an isometastNH"-IPP

a peak at 426 nme(~ 4300 Mt cm™1) and a shoulder at ; :
~320 nm (Figure 3b). A similar change is seen in the-400 species (Figure 4a). The reduced enzyme bound to NIPP at

450 nm region when IPP is added to the enzyFMNH- either pH 7.0 or 8.5 exhibits a UV spectrum similar to that
complex generated by reduction with NADPH (Figure 2). Of the IPP complex at pH 8.5 (Figure 4b), consistent with
The absorption features for the complex resemble thoseStabilization of the anionic form of the reduced cofactor by
reported for FMNH bound toE. coli thioredoxin reductase,  the positive charge at N3 of NIPP. Isopentyl diphosphate
where the N1 position of the flavin is protonated at a elicited spectral changes consistent with flavin protonation
physiological pH 25, 34). In addition, the UVvisible (data not shown). The retention of a peak near 430 nm for

Wavelength (nm)
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Ficure 4: Effect of pH on the spectra of isomera$avin
complexes at 37C. (a) Spectra of enzymEMNH~ (red) and
enzymeFMNH,:IPP (dark green) complexes at pH 7.0 and the
enzymeFMNH~-IPP complex (light green) at pH 8.5. (b) Spectra
of the enzyme&MNH~-NIPP complex at pH 7.0 (pink) and
8.5 (cyan).
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Ficure 5: EPR spectra of the enzyri@INH -DMAPP complex

at 77 K produced by reduction (pH 7.7 and Z5) of the enzyme
FMN-DMAPP complex in HO (dark purple) and BD (light
purple). Spectrometer settings were as follows: microwave
frequency, 9.48 GHz; microwave power, 20N; modulation
frequency, 100 kHz; modulation amplitude, 1 G. The line widths
are 19 G in HO and 15 G in RO. Theg factor was 2.0046 based
on a TEMPO standard.

Intensity

=

of 19 G, which narrows to 15 G ind®. These features are
consistent with the presence of a neutral flavin radig8).(
Similar spectra were observed upon dithionite reduction of
the IPP (pH 7.2 and 7.7) and isopentyl diphosphate com-
plexes, but not for the enzynf@MN complex. A signal for
the flavin radical signal was also observed when the
NADPH-reduced enzymEMNH,:IPP complex was briefly

each of the complexes at pH 8.5 may indicate substrate€Xposed to oxygen. In an attempt to detect a substfttein

stabilization of a planar conformation for bound FMBEJ.
Upon prolonged incubation in the presence of small
amounts of residual oxygen, the enzyF@INH~ complex
slowly oxidizes to the enzymEMN complex without
the formation of a detectable intermediate. In contrast,
under similar conditions, the enzyrk@NH,:IPP com-
plex is oxidized to an intermediate with an absorption at
550-650 nm (purple, Figure 3b). Although the absorption
at 550-650 nm could represent a charge transfer complex,

radical pair, 500uM IPP was added to fully reduced
400uM enzymeFMNH™~ complex. Only faint EPR signals,
similar to those seen for the enzyrR®INH - IPP complex
generated by reduction of the flavin in the presence of IPP,
were observed (data not shown). At this point, we cannot
rule out the possibility of contamination of the sample by
trace quantities of oxygen. In addition, a semiquinone signal
was not observed via absorption spectroscopy when®50
IPP was added anaerobically to 20M enzymeFMNH~

the accompanying intense peak near 350 nm indicatescomplex.

formation of the neutral flavin semiquinon8Q; 36). The
enzymeFMNH'-IPP complex was stable to extended incu-

Redox PotentiometryAnaerobic redox titrations were
performed to determine the midpoint redox potentials for

bation in the sealed glass cuvette. The spectrum shifted toenzyme-bound flavin in the presence of IPP. Oxidative and

one characteristic of the enzym@IN-IPP complex only

after the sample was fully exposed to atmospheric oxygen.

Oxidized enzymd-MN and enzymd-MN-IPP complexes
give similar spectra (Figure 3a,c). Photoreduction of the
enzymeFMN complex cleanly generates the enzyRMNH~
complex (Figure 3a). In contrast, photoreduction of the
enzymeFMN-IPP complex cleanly produces the enzyme
FMNHIPP complex (Figure 3c). An extended 40 min
illumination failed to generate the spectrum for the enzyme

reductive titrations employing dye mediators were carried
out at pH 8.0 and 28C. The spectra at each titration point
were recorded (see the Supporting Information). The forma-
tion or loss of the neutral semiquinone, based on absorbance
at 620 nm, was plotted as function of the ambient redox
potential (Figure 6). A small 18 mV difference was observed
for the oxidized flavir-semiquinone couple midpoint redox
potentials in the two directions (part A), which probably
results from incomplete equilibration before the measure-

FMNH.-IPP complex that was observed when IPP was addedments. There was no difference for the semiquireaeeuced

to the photoreduced enzyr@MNH~ complex.
EPR Spectroscopy of the REia Semiquinone.EPR

flavin couple (part B). The measured midpoint redox
potentials § = 1) for the oxidized-neutral semiquinone

spectroscopy was employed to evaluate the nature of the(oxidative titration) and neutral semiquinoneeduced

putative substrate-dependent flavin radical. Dithionite reduc-
tion of the enzymd-MN-IPP complex initially produced the

couples are-83+ 1 and—196+ 1 mV, respectively. These
contrast with the redox potentials for free flavin at pH 8 of

neutral semiquinone species observed during photoreduction-364 mV for the oxidized-semiquinone couple and
(unpublished results). EPR spectra for the partially reduced —119 mV for the semiquinonereduced couple, calculated

complex at pH (or pD) 7.7 are shown in Figure 5. A strong
signal was seen with g factor of 2.0046 and a line width

from the reported values301 and—101 mV, respectively)
at pH 7 and 20°C (398).
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the conditions employed for expression. Upon incubation
with FMN, the protein binds additional cofactor in a slow

tight binding process similar to that proposed for the type I
isomerase fronsulfolobus shibataé?9).

Type Il isomerase, typically purified in the presence of
oxygen, gave an inactive enzyme containing oxidized flavin.
Reduction of the cofactor with NADPH or dithionite was
required to generate an active enzyreduced flavin com-
plex (15, 16, 26, 28). Laupitz and co-workers4j reported
thatB. subtilistype 1l isomerase purified from a recombinant
E. coli strain under anaerobic conditions was active without
addition of NADPH to the assay buffer. It is curious to note
that they also reported that added FMN was required for
activity in the anaerobic assay and that FMN was not reduced
by NADPH in the presence of enzyme. We found that FMN
in the T. thermophilusenzyme was rapidly reduced by
NADPH or dithionite and was reduced photochemically to
the fully reduced anion. The enzyme was active regardless

g:14 of the method of reduction. Thus, FMNHSs the form of
e y the flavin cofactor in the resting state of the catalytically
0.12 ~ ° active enzyme.
” Type Il IPP isomerase requires a divalent metal Mg
0.1 @ Mn2*t, or C&*, for activity (4, 15, 28). A specific role for
. the metal has not been established. The type | enzyme
0.08 > requires two divalent metalsl®). Zn*" is located in a
S hexacoordinate Hi&lu, binding site that is to be part of
< ,°° the catalytic machinery for protonation of the carb@arbon
o8 . = double bond in IPP. The second metal, Mghelps anchor
° IPP by coordinating to nonbridging oxygens in the diphos-
0.04 + o phate moiety and residues in the protein. Our data support
o the latter role for the divalent metal required by the type I
pozd Lo enzyme. A comparison dp'"P for type Il isomerase in the
s presence (4.4 0.4uM) and absence (84 9 uM) of MgCl,
0 . . . demonstrates that the metal enhances substrate binding. The
490 440 -390 340 290 dissociation constant for binding of IPP to the enzyfMN

mV

Ficure 6: Changes in the enzynteMN-IPP complex oxidation
state as a function of the ambient redox potential (pH 8.0 and
25 °C). Shown are the spectral changes associated with the

enzyme in buffer containing Mg is similar to Ky'™?
determined from steady state kinetic assays. Thus, it appears
that the oxidation state of the cofactor is not important for
IPP binding.

interconversion of the oxidized and semiquinone states (a) and the When IPP binds, the U¥visible absorbance spectrum of
semiquinone and reduced states (b). Titrations were performedthe cofactor changes to one characteristic of neutral reduced

reductively with sodium dithionite €) and oxidatively with

potassium ferricyanideX).

DISCUSSION

flavin, indicating that the reduced flavin anion in the
enzymeFMNH™ complex is protonated. Thus, the catalyti-
cally active form of the type Il isomerase appears to be an
enzymeFMNH,+IPP complex. The I§, of reduced FMN in

As a prelude to work with type Il IPP isomerase, we cloned solution is 6.7 40). Spectral changes associated with

and conducted preliminary experiments with the enzymes protonation of the enzymEMNH~ complex were not
from Synechocystisp. strain PCC 68037), Methanother- observed in the pH range of-@0. However, observed
mobacter thermautotrophicy6), S. pneumonigerhermo- changes in the presence of IPP over this range suggest a
plasma acidophilumandT. thermophilusHB27. Of these, pKa near 8 for the enzymEMNH,+IPP complex.

the enzyme&=MN complex fromT. thermophilusHB27 was A second consequence of IPP binding is the accumulation
soluble and stable, even when studied at higher temperaturespf a neutral semiquinone during reduction and reoxidation
and that protein was selected for additional studies. As of the enzyme-bound flavin, whose nature was established
reported for other type Il isomerases, thethermophilus by UV and EPR experiments. Photoreduction of flavoen-
enzyme catalyzed the isomerization of IPP to DMAPP in zymes with free flavin as a catalyst is thought to occur by
the presence of bound FMN, a reducing agent, and MgCl both one- and two-electron transfers from reduced free flavin
The value fork.,rat 37°C (Table 1) was similar to those for  to the enzyme-bound cofacto8). Our inability to pho-
mesophilic enzymes fronBacillus subtilis (28, 39) and toreduce flavin in the enzymEMN-IPP complex beyond
Synechocystisp. strain PCC 68032f¢) and increased the neutral semiquinone state suggests that the FWMNH
~10-fold at the optimal temperature near®D(unpublished FMNH™ redox potential in the enzymieMN-IPP complex
results). Freshly purifiedT. thermophilustype 1l IPP is substantially altered relative to that of free flavin. The
isomerase contained 6-B.7 equiv of FMN, depending on  neutral semiquinone also forms during reoxidation of the
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enzymeFMNH,:IPP complex by molecular oxygen, a pro- of the isomeras&MNH,IPP complex, although a peak at
cess that proceeds through sequential one-electron transferthis wavelength was also reported for the 1,5-tautomer bound
(30, 41). Accumulation of semiquinone during photoreduc- to thioredoxin reductase2p, 34). It is interesting to note
tion and/or reoxidation as the result of a shift in the FMNH  that the reduction potential for thert-butyl cation in a polar

(or FMNH,)/FMNH' redox potential has also been observed solvent is 90 mV 48). Thus, the redox potentiaH196 mV)

for flavodoxin @2, 31). Direct participation of IPP in the  we measured for oxidation of the enzyiRBNH,/FMNH™-
flavin reduction and oxidation processes is unlikely, given IPP complex to the enzyrmieMNH-IPP complex suggests
the similar results seen for IPP and the fully saturated that an FMNHIPPH' ion pair produced by protonation of
analogue isopentyl diphosphate. The measured midpointthe double bond in IPP might be unstable with respect to a
redox potentials in the presence of IPP indicate that the FMNH-IPPH radical pair, unless it is selectively stabilized
accumulation of the neutral semiquinone is derived at least by the enzyme. Otherwise, one would anticipate that at some
in part from thermodynamic stabilization of the flavin radical point along a putative protonation reaction coordinate an
state. We have also observed the accumulation of the anionicelectron transfer would generate the radical pair. At this point,
semiquinone during dithionite titrations without substrate in additional work is needed to convincingly resolve the
the presence of either benzyl viologen or indigo carmine as mechanism of reaction catalyzed by type Il IPP isomerase.
mediators (unpublished results). Thus, the enzyme binds

flavin in a manner that thermodynamically stabilizes the ACKNOWLEDGMENT
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on the basis of the observation that reduced flavin was
required for catalysis and that apoenzyme reconstituted withgppORTING INFORMATION AVAILABLE
5-deazaFMN, an analogue that only participates in two-
electron transfer reactions, was inactive. The initial step Fluorescence of the guanidinium-released flavin and for
would generate a flavin semiquinontPP radical pair, binding of oxidized enzym&MN to IPP as measured via
followed by hydrogen atom abstraction to give DMAPP and ultrafiltration assays, figures and experimental details for the
regenerate FMNK This mechanism requires the transient dependence of isomerase activity on exogenous FMN and
one-electron oxidation of the flavin cofactor. We find that for enzyme inhibition by NIPP and isopentyl diphosphate,
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