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ABSTRACT. Methyl-coenzyme M reductase (MCR) catalyzes the final step in methane biosynthesis by
methanogenic archaea and contains a redox-active nickel tetrahydrocorphin, coenzym@ieits active

site. Spectroscopic and computational methods have been used to study a novel form of the coenzyme,
called F30, Which is obtained by reducingifowith sodium borohydride (NaB}). Fs3o exhibits a prominent
absorption peak at 330 nm, which is blue shifted by 100 nm relativadpo Mass spectrometric studies
demonstrate that the tetrapyrrole ring igsgdhas undergone reduction, on the basis of the incorporation

of protium (or deuterium), upon treatment ofsg-with NaBH, (or NaBDy). One- and two-dimensional

NMR studies show that the site of reduction is the exocyclic ketone group of the tetrahydrocorphin.
Resonance Raman studies indicate that elimination ofittisnd increases the overattbond order in

the conjugative framework. X-ray absorption, magnetic circular dichroism, and computational results show
that Rz contains low-spin Ni(ll). Thus, conversion ofdgto Fs3 reduces the hydrocorphin ring but not

the metal. Conversely, reduction ofsgwith Ti(lll) citrate to generate £ (corresponding to the active
MCReq1 State) reduces the Ni(ll) to Ni(l) but does not reduce the tetrapyrrole ring system, which is
consistent with other studies [Piskorski, R., and Jaun, B. (2008m. Chem. Soc. 12%3120-13125;

Craft, J. L., et al. (2004). Biol. Inorg. Chem. 977—89]. The distinct origins of the absorption band
shifts associated with the formation afsfFand Fsgp are discussed within the framework of our computational
results. These studies on the nature of the product(s) of reductionrE of interest in the context of

the mechanism of methane formation by MCR and in relation to the chemistry of hydroporphinoid systems
in general. The spectroscopic and time-dependent DFT calculations add important insight into the electronic
structure of the nickel hydrocorphinate in its Ni(ll) and Ni(l) valence states.

Methyl-coenzyme M reductase (MCRjatalyzes the final ~ yl-SCoM, 2-(methylthio)ethanesulfonate] and coenzyme B
step in methane formation from methyl-coenzyme M [meth- (CoBSH, N-7-mercaptoheptanoylthreonine phosphate) ac-
cording to eq 1 J).
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of an~50 nm blue shift in the UV-visible spectrum upon
conversion of kzpto Fzgg, it was proposed that the redl state
contains Ni(l) and a two-electron reduced tetrapyrrole ring
(23). However, several recent studies are inconsistent with
this proposal. Piskorski and Jaun used the pentamethyl ester
form of Fy30 (F430m) N electrochemical studies to show that
conversion of the Ni(I)-F430 Species to ko is a one-electron
process, thereby indicating only metal-centered reduction
(24). Furthermore, recent absorption and magnetic circular
dichroism (MCD) spectroscopic and computational studies
of coenzyme ko in solution and bound to the MCR active
site revealed that a metal-centered one-electron reduction of
Fa30 generates thesbp species, characteristic of the active
redl stateZ1, 25).

In the course of our studies on the reduced states4af F
we discovered that reduction ofggwith sodium borohydride
accommodates the two substrates and shields the reactioields a new species with an absorption peak at 326 nm
from solvent 6). All methanogens containykp (7), and MCR (called Fz3q). The objectives of the work described here were
is the only enzyme known to date to use this coenzyme. to use spectroscopic and computational studies to better

Faso requires reductive activation to form a state called understand the factors that govern metal versus tetrapyrrole
MCReq1 that is capable of entering the catalytic cycl). (  ring reduction and to establish whether the tetrapyrrole ring
In vitro, MCR is converted to MCRy; by chemical reduction  is reduced when Jzo is converted to ko and/or ks Our

13b

Ficure 1: Molecular structure of Jzo. The formal oxidation state
of the Ni ion in Fggis +2.

of the MCRx; state with Ti(lll) citrate at pH 10.0§; 9), results indicate that the conversion affto Fsginvolves a
while in vivo, the MCReq; State can be generated by treating metal-centered one-electron reduction, while the conversion
cells with 100% H prior to harvesting them1Q). MCRieq1 to Fszo involves tetrapyrrole ring reduction and alters the

has been assigned as a Ni(l) species on the basis of thenetal spin state but does not affect the metal oxidation state.
similarity of its UV—visible and EPR spectra with those of

the Ni(l) species produced whenskis reduced by Ti(lll) EXPERIMENTAL DETAILS

citrate (L1) or when its pentamethyl ester is reduced by ) -

sodium amalgam1). While coenzyme Fyois EPR silent, ~ Preparation of Enzyme and Growth Conditions

MCReq1is characterized by an EPR spectrum wgthalues

at 2.25, 2.070, and 2.060.3—15), which is typical of an
approximately square planar Ni(l) system with one unpaired
electron in the @ 2 orbital (11, 16, 17). Coenzyme ko
exhibits a UV+-visible spectrum with an absorption peak near
430 nm [431 nm for the free coenzyme in waté&B)(and
422 nm for the MCR-bound coenzymddj]. Magnetic
circular dichroism (MCD) spectroscopic studies clearly
demonstrate that at low temperaturaesofs a high-spin §

= 1) Ni(ll) species 0—22). A significant blue shift of the
dominant absorption feature is observed when the coenzym
is reduced to the Ni(l) statelfax = 378 nm for the free

All manipulations of the enzyme and eoenzymeyere
performed in a model PC-1-SSG anaerobic chamber (Vacuum
Atmospheres Co., Hawthorne, CA) maintained below 5 ppm
oxygen. The chamber is equipped with an S2000 miniature
fiber optic spectrometer (Ocean Optics, Inc., Dunedin, FL).
Media were prepared as previously descrikig).(For 1°N-
labeled 30 Methanothermobacter marburgensias grown
in the presence dPNH,Cl (Cambridge Isotope Laboratories,
Andover, MA) in the growth medium. MCR was purified
from M. marburgensig27) as described previoushg,(9,

e28). Following purification, MCR was concentrated under
. argon [passed through an Oxisorb (Alltech, Deerfield, IL)
coenzyme in waterl{l) and 388 nm for the MCR-bound column] at a pressure of 30 psi in a 50 mL omegacell (Pall,

coenzyme §)]. Under the conditions described here, the East Hills, NY) with a YM50 50 kDa molecular mass cutoff
absorption peak of the Ti(lll)-reduced coenzyme is at 376 filter (Milli,pore Billerica, MA)

nm, so we refer to this state assf

AIt_hough the as_signment of MG&R:1 and. Egp as Ni(l) Preparation of Rao, Faso and Fao
species is unambiguous, several results indicated the pos-
sibility that the tetrapyrrole ring could undergo reduction.  Fs3psamples were prepared from purified MCR as follows.
Results of potentiometric titration experiments with Ti(lll) MCR was titrated with 30% (v/v) HCI to lower the pH below
citrate revealed that conversion of the Ni(ll) state gfoFo 1.0, which precipitated the protein, releasingsoFinto
Fss0 involves a one- to three-electron reductidB)( The solution. The k3o content was estimated using an extinction
exact number of electrons transferred was ambiguous becauseoefficient at 430 nm of 23 300 M cm™* (29). Finally, F4z0
Ti(lll) citrate was found to be unstable under the titration was purified on a Waters,guBondapak column (7.8 mm
conditions. Resonance Raman (RR) spectroscopic studiesx 30 cm) controlled by an Agilent 1100 HPLC system
demonstrated that conversion of Ni(ll) to the Ni(l) state leads (Agilent Inc., Palo Alto, CA). The column was equilibrated
to marked changes in the vibrational spectri#8)( These with water and developed with a 50 min linear gradient:
changes include the disappearance or extensive shift of al00% HO to 40% methanol at a rate of 2 mL/min. The
band that is sensitive t&'N — 15N isotopic substitution,  eluate was monitored at 420, 430, and 560 nw, Fad a
which was interpreted to indicate reduction of &R double retention time of 25 min and was collected directly from
bond in the corphin ring system. On the basis of the the HPLC system anaerobically in 9 mL glass serum vials
electrochemical and RR studies coupled to the observation(Alltech) sealed with butyl rubber stoppers (Bellco Inc.,
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Vineland, NJ). Pure Jzo was lyophilized and stored at20 an atmosphere of argon gas that was passed through an
°C. Oxisorb column.

Fsgo was prepared chemically, by reducingsdwith Ti-
(1) citrate at pH 10.0 {1). The Rzoform was also prepared ~Resonance Raman Spectroscopy

chemically, by reducing ko with either NaBH or NaBD,  1hg resonance Raman (RR) measurements were performed
(as indicated) at pH 10. The formation of the reduced species samples of Fo Fago and Fap in tightly sealed 1 mm

was confirmed by absorpnon spectroscopy. (internal diameter) capillary tubes. Spectra were obtained at
T_he rate of decay or fprmatlon oﬁ.ﬁ.or one ofits reduced 5 variety of temperatures ranging from cryogenic (150 K)
Qerlvatlves was determlne.d by W'S'ble spectroscopy by to ambient in efforts to maximize the S:N ratio. For the
fitting the data to eq 2 using Sigma Plot (Systat Software, ¢ryogenic studies, the capillary tubes were mounted directly
Inc., Point Richmond, CA) onto the cold tip of a closed-cycle liquid He refrigeration
system (ADP Cryogenics DE202).

y=Yo+a{l+e *o"h (2) The RR spectra were acquired with a triple spectrograph
(Spex 1877) equipped with a holographically etched 2400
where 1b is the rate constany, is the absorption valugj grooves/mm grating in the third stage. Laser excitation at
is the offset from zero absorptioR,is the time,xo is the the desired wavelengths was achieved using the discrete
time at which the absorption has changed by 50%, aisd outputs of a krypton ion (Coherent Innova 200-K3) or an
the maximum absorption amplitude. argon ion (Coherent Innova 400-15 UV) laser. The scattered
light was collected in a 90configuration using a 50 mm
Mass Spectrometry f/1.4 Canon camera lens. An UV-enhanced charge-coupled

device (CCD) was used as the detector (Princeton Instru-
of Faso Were prepared in a mixture of water (or deuterium Ments LN/CCD equipped with an EEV1152-UV chip). For

oxide) and acetonitrile (50:50) with 0.1% concentrated formic F‘é?’g anlsi Fso the ddat:; aTquisition times \;]verez h 56%;
acid (solution A). Bzwas loaded onto a 14 4-C18 ZipTip 1 Sf rames)har:j the laser power at the saan(Z S
(10 uL pipet tips with~1 uL of C18 resin bonded at the MW for Fss, the data acquisition times weres h (120x

bottom) pipet tip (Millipore) as specified by the manufac- 150 S_fra”?es) and the power at the Sa”?p'e was mw. .
turer, but with the following modifications. The column was COS_”F'C spikes were removed manually prior to the numerical
washed five times with 1pL of water to desalt the sample ad(EIl'[IOI’] of the data_ sets. The spectral resplutmn was
and eluted from the ZipTip using solution Azdy samples cm ._The frequenqles were calibrated using the known
were studied as prepared according to the Results. Al ViPrational frequencies of indene.
samples were analyzed on an Applied Biosystems QSTAR
LX hybrid quadrupole-TOF LEMS/MS system equipped
with a NanoSpray ion source fitted with a«#h 1P-4P coated Variable-temperature (4100 K) electronic absorption and
GlassTip PicoTip emitter (New Objective, Woburn, MA). MCD spectra were collected on a spectropolarimeter (Jasco
J-715) in conjunction with a magnetocryostat (Oxford
NMR Spectroscopy Instruments SM-4000 8T). All MCD spectra were obtained
All NMR data were acquired on a Bruker Avance DRX PY subtracting the-7 T spectrum from the-7 T spectrum
500 MHz NMR instrument (Bruker Biospin Corp., Billerica, t© €liminate contributions from natural CD.
MA) equipped with a TXI cryoprobe in the University of
Nebraska Chemistry Department. In each cas®, Was used
as the solvent and the temperature was maintained at 298 K Ni K-edge XAS data were measured at the Stanford
throughout the data acquisition. A one-dimensional (1D) Synchrotron Radiation Laboratory (SSRL) on 16-pole wig-
proton NMR spectrum was acquired both before and after gler beamline 9-3. The monochromator employed dual Si-
each two-dimensional (2D) acquisition to ensure that the (220) crystals together with a 10 keV cutoff mirror to
sample did not undergo oxidation during the length of the minimize higher harmonic components. Data were collected
2D experiment. Furthermore, at the conclusion of the NMR in fluorescence mode using a Canberra 30-element Ge
experiment, a UV-visible spectrum was measured to assess detector. Soller slits and a Co filter were used to minimize
the extent of oxidation. In each of these 1D experiments, contributions from scattered X-rays. X-ray energy calibration
4096 scans were performed at a resolution of 64K data pointsdata were simultaneously measured on a nickel foil mounted
and an acquisition time of 3.17 s. A gradient HMQC between two ionization chambers positioned after the sample,
experiment was performed with 1024 scans and a resolutionthe first inflection point being assigned to 8331.60 eV.
of 1024 x 128, with an acquisition time of 0.12 s i (the Samples were contained in 10 mm3 mm x 2 mm Mylar
directly detected axis), and the time data were detected oncuvettes with one Kapton tape window. These were anaero-
the proton axis. A gradient COSY experiment was also bically loaded using a Vacuum Atmospheres glovebox]([O
performed, with 1024 scans and a resolution of 284828, < 0.5 ppm), and they were immediately frozen and stored
with an acquisition time of 0.13 s iR,. Gradient HMQC in liquid nitrogen until measured. The sample temperature
and gradient COSY techniques are typically used becauseduring data collection was maintainedBaK using an Oxford
they increase the signal-to-noise (S:N) ratio relative to the Instruments CF1208 continuous-flow liquid helium cryostat
nongradient methods. Samples were prepared in the anaerdfitted with aluminized Mylar windows. Data processing
bic chamber as indicated (see the figure legends) and placeemployed the EXAFSPAK suite of program80f. Each
in J. Young valve NMR tubes (Norell, Landisville, NJ) under spectrum was an average of at least two scans. The individual

All mass spectrometry (MS) samples, with the exception

Low-Temperature Absorption and MCD Spectroscopy

X-ray Absorption Spectroscopy (XAS)
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scans were compared to ensure that there were no changes
due to radiation damage. For each spectrum, a polynomial
background function was fitted to the pre-edge and subtracted
from the entire spectrum. The data were then normalized to
an intensity of 1.0 at 8410 eV.

Computations

Coenzyme Models$As our NMR, MCD, and XAS data
indicated that k3o is a diamagnetic species (vide infra), the
computational models employed included four-coordinate Ni-
(0) and low-spin Ni(ll) species. Three possible reduction sites
were considered in preliminary density functional theory
(DFT) calculations: the metal center [resulting in a Ni(0)
species], the CEN bond associated with ring D, and the
peripheral C17=0 carbonyl moiety adjacent to ring D
(Figure 1). The coordinates of a previously published,
geometry-optimized model ofsk (1) (25) were used as a
starting point in the set of computations leading tgoF
models2, 3, 4a, and4b (Figure 2). These truncated models
of coenzyme Bz neglect the lactam ring as well as the ring
substituents for computational practicality. Previous studies
have shown that omitting the lactam ring has minimal effects
on the geometry of the hydrocorphin ringlj. Nonetheless,
additional computational studies were carried out on the
complete coenzyme using combined quantum mechanical/
molecular mechanical (QM/MM) methods. The initial ge-
ometry was derived from the crystal structure of 12,13-diepi-
Fss0 pentamethyl ester3@); the hydrocorphin ring was
modified to reflect the stereochemistry of coenzymgy,F
and the five ester bonds on the substituents of ring€DA
were converted to carboxylic acids.

Geometry Optimizations. (a) Pure QM Computatiofise
Amsterdam Density Functional (ADF) 2004 suite of pro-
grams 83—36) was used to refine the atomic positions of
modelsl—4 by DFT energy minimization. These geometry
optimizations were performed on a cluster of 20 Intel Xeon
processors (ACE computers) using ADF basis set IV, an
integration constant of 3.0, and the Vosk&ilk —Nusair
local density approximation3{) (VWN-LDA) with the
nonlocal gradient corrections of Becke for exchang8) (
and Perdew for correlatior39). Core electrons were frozen
through 1s for C, N, and O and through 2p for Ni.

(b) QM/MM ComputationsOn the basis of our results
from pure QM optimizations (vide infra), QM/MM computa-
tions were performed on three models of the complete
coenzyme, i.e., Ni(ll)izo model 1* and Ni(ll)Fs30 models
3* and4* corresponding to truncated moddls3, and4a,
respectively (Figure 2). The QM region was chosen to
include the hydrocorphin core, the lactam ring, and the two
methyl groups attached to carbons 2 and 7 (Figure 1), asFicure 2: Models of kg (1 and 1*) and its reduced derivative
well as a hydrogen link cap atom in place of a carbon from Fs30(2—4; hydrocorphin reduction sites are highlighted by an oval)
each side chain. A scaling factor of 1.376 was applied to iinwg)s/egsfgé Cfﬂ?]‘étaéfs”i?'fitfdigﬁ'egécgﬂgfﬁ ﬁgtefs‘ﬁ)gyvﬁ)mow
the six C-C link bonds. All ring substituents were tfe?‘te"' Note that all models contain a Igow-spin I\?i(ll) center exceptdpr
at the MM level of theory. The QM/MM geometry optimiza-  hich is a Ni(0) species.
tions were also performed on a cluster of 20 Intel Xeon
processors (ACE computers) using ADE3{-36). For the .
QM region, ADF basis set IV was employed, along with frozen through 1s for C, N, and O and through 2p for Ni.
the VWN-LDA (37)’ the nonlocal gradient corrections of The MM region was treated with the AMBER95 force field
Becke for exchange3g) and Perdew for correlatior89), using the BroydenFletcher-Goldfarb-Shanno (BFGS)
and an integration constant of 4.0. The geometry convergenceHessian update scheme and simple electrostatic coupling to
criterion was set at 0.001 hartree/A. Core electrons were the QM region 40).

OH




Metal versus Ring Reduction ofyfp Biochemistry, Vol. 45, No. 39, 2006.1919

TD-DFT Calculations.For time-dependent DFT (TD- 35000
DFT) computations, the QM-optimized geometrieslp®, £
3, 4a, and 4b were used as obtained, while QM/MM- 3""“”’*.‘_ it

optimized modelsl*, 3*, and4* were suitably truncated.
Specifically, in the latter structures, the propionate substit-
uents of rings A-C, the acetate substituents of rings C and
D, and the acetamide substituents of ring A were replaced
with hydrogens. Additionally, the lactam ring was removed,
as TD-DFT computations that included the entire QM region
failed to converge.

All TD-DFT calculations were performed using ORCA 5000 -
version 2.4.02 developed by F. Needd)( Becke’s three-
parameter hybrid functional for exchang&(43) and the
Lee—Yang—Parr functional for correlation4d) (B3LYP/

G) were used with the polarized split valence [SV(P)] basis
(45) and the SV/C auxiliary basigt6) for all atoms except ~ FIGURE 3: Electronic absorption spectra ofsb Fsso, and ks at

Ni, for which Ahlrichs’ polarized tripleZ valence polarization ?SS 1Ko éi) (Sp)egggé?rﬁr;%? EO[’{ZA I\I\I/II(IIL)FAé%Ir?vggergl\tﬂoEI?r?
(TZVP) basis 47) was used instead. Fifty excited states were e presence of 7aM Ti(l) citrate in 252M NH,OH at pH 10.5],
calculated for each model with the exceptior2pfor which and (- - -) spectrum of 450 (270 uM F430 converted to ko in the

60 excited states were considered. The effects of solvationpresence of 14 mM NaBHand 100 mM NHOH at pH 10.5).

on the TD-DFT-computed transition energies and intensities . ) ) )
were identified by employing the conductor-like screening ~ Experiments were performed to establish optimal condi-
model (COSMO) with water as the solvent (dielectric tions for generating and maintainingskand ks When 26
constank = 80.4, refractive index = 1.33) @8). Predicted ~ #M Fazo was treated with 0.6 mM Ti(lll) citrate (23-fold
electronic absorption spectra were generated using the TD-excess) in 0.5 M TAPS buffer (pH 10.0) at 26, the 432
DFT/COSMO results and assuming that each electronic "M peak due to the Ni(ll) ko state decayed with a rate
transition gives rise to a Gaussian band with a full width at constant of 0.21+ 0.05 mim* concomitant with the
half-maximum ¢12) 1700 cnt. The natures of key elec- ~development of the 378 nm feature gk = 0.27+ 0.05
tronic transitions were analyzed on the basis of isosurface Min™*). Under these conditions g was relatively stable in
plots of molecular orbitals (MOs) and electron density the anaerobic chamber, converting back i With a rate
difference maps (EDDMs), which were obtained with the constant of 0.0082- 0.0005 mirr*. However, the concentra-
gOpenMo| program deve|0ped by Laaksonm)(using tion Of T|(”|) Cltrate Used n these expe“ments was too h|gh

25000 -

20000 A

15000 -

10000 -
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0 T T
300 400 500 600
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isodensity values of 0.03 and 0.003 au, respectively. for mass spectrometric analysis. Furthermore, incubation of
Fas0 with high concentrations of Ti(lll) for extended time
RESULTS periods converts 4go to Fz30. On the other hand, some Ti-
(1) was clearly required to prevent oxidation ofgreven
Corversion of 3o to Fsgo and Rz and Stability of kso in an anaerobic chamber maintained<d& ppm Q, as the
and Fszo redox potential for the Ni(ll)/(l) couple of 4z0is —440 mV

) - . (14). Hungate %1) pointed out that, in the absence of a

Coenzyme ko was isolated from purified MCR in an  redyctant, even a mildly reducing potential-60.33 V can
effort to obtain the pure native coenzyme and not its 12,- pe achieved only when the oxygen concentration in solution
13-diepimer. The ratio of absorbance at 430 nm to 275 NM 5 |ess than 16° molecule per liter. Thus, we performed
was 0.920, confirming that the coenzyme was indeed in its sty dies to determine both the optimum pH and the minimum
native state since this ratio is 1.05 for nativgdrand 1.2 amounts of Ti(Ill) that could be used to maintaigs
for the diepimer §0). As described in the introductory Faso Stability is pH-dependent2). When the pH of a
section, previous experimental studies suggested that bothsg|ytion containing ko was lowered from 10.8 to 9.2, ca.
the Ni center and the tetrapyrrole ring of coenzyrag €an 70% of Fgo converted to ko within 10 min (Figure S1,
undergo reduction. Reduction of coenzymegoRvith Ti(lll) Supporting Information). This rate of reversion is 20 times
cirate generates a Ni(l) state, which we calbd=while  faster than the rate of conversion affto Figoat pH 10.8
reduction with sodium borohydride (NaBHyields a new  (rigure S2). The pH-dependent conversion of Ni(l) to Ni-
species with an absorption peak at 326 nm, termed F (1)) is not reversed by adding base; for example, the spectrum

which has not been previously described (Figure 3). of Faao, generated by decay ofdgat pH 9.2, does not change
Several spectroscopic methods were used in an attemptvhen the pH is increased to 10.8 by titrating with base.
to determine whether reduction ofggto Fgo and/or k3o On the basis of the experiments described above, the

involves tetrapyrrole ring reduction. The most potentially inclusion of Ti(lll) citrate and high pH values are required
unambiguous methods for addressing this issue, NMRto prevent the reversion tosfn Thus, we kept the pH
spectroscopy and mass spectrometry (MS), are also the mosbetween 10.0 and 10.5 and lowered the Ti(lll) citrate
challenging because the reducegdofstates are labile and  concentrations as much as possible to maintaig during
must be maintained intact throughout the time course of thethe MS data collection. A 5-fold excess of Ti(lll) was
experiment. For two-dimensional NMR studies, this can sufficient to generate and retain the reduced statesgf F
require that the reduced state be preserved for as many asluring the mass spectrometric analysis, while a 10-fold
36 h. excess slightly decreases the S:N ratio.
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80% conversion of fzo to F30 and Rsop was achieved by reacting 48V F,30 with 26 mM NaBH, and 26 mM NaBD, respectively, in
60 mM NH,OH. Insets show PIM MS spectral features associated with doubly chargefleft), Fs3o (center), and Ezop (right).
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Ficure 5: NIM MS spectrum of singly and doubly charged regions fggp Bnd Fzgo, respectively. (A) A 2Q:M solution (final concentration)

of F43owas prepared for analysis in 50% ACN. The inset is a doubly protonated regiogsofBj Conversion of ksoto Fzgowas achieved

by reacting 25«M Fj30 with 125uM Ti(lll) citrate in 63 mM NH,OH at pH 10.5; after conversion, the volume was increased by 20% by
the addition of 100% anaerobic ACN. The inset is the singly charged regionsder F

Further precautions included flushing the injection loop
with anaerobic water and acetonitrile (50:50) prior to
injection and washing the injection needle with the same
mixture before introducing the sample into the injection

of —1 (Figure 1). It is difficult to detect the doubly charged
form of F430 (Figure 4, inset), which exhibits approximately
3% of the relative intensity of its singly charged counterpart.
Presumably, the doubly charged form corresponds to the

needle. The electronic absorption spectra obtained for aprotonation of one of the nitrogens on the ligand, which has

sample before and for a control sample after the MS
experiment showed that only 18% loss @§fhad occurred
during the mass spectrometric analysis (Figure S3).

While reduction of ksowith Ti(lll) citrate generates 4z,
treatment of k3o with NaBH, results in an even more
dramatic blue shift of the main UV¥visible absorption
feature from 430 to 330 nm, signaling the formation ef,F
(Figure 3). We also optimized conditions for generating and
maintaining k3o during the mass spectroscopic and NMR
experiments (vide infra).

Mass Spectrometric (MS) Studies

After establishing conditions for reducing and maintaining
Fss0, we performed MS experiments in the positive and
negative ion modes (PIM and NIM, respectively) at pH 10.5
where kg is most stable. The molecular formula ofsfris
C42Hs51NgO13Ni, which corresponds to an exact mass of
905.2868 in full agreement with the mass spectrometric
results.

In the PIM, the major peak for the singly charged form of
Fs30 (Figure 4) has anm/z value of 905.3 29). This
corresponds to the expected molecular ion with Ni in the
+2 state and the tetrahydrocorphinoid ligand with a charge

been observed in the doubly charged forms of porphyrins
and their analogue$2). Thus, the expectaa/z value should

be 453.2, i.e., (905.3 1)/2, consistent with the experimen-
tally observed value.

Mass spectrometry was also used to determine the mo-
lecular mass of fgo. Fsgo is difficult to detect in the PIM in
either the singly or doubly charged form (not shown), though
it is readily detected in the NIM (as described below, Figure
5). Assuming that the ligand remains in the same charged
state, the conversion offpto Fzgo by addition of one electron
to the Ni ion should generate a neutral molecule, which
would not be detected using the PIM. The intensities of the
peaks generated from thegi-sample are-1% of those from
the R30 sample at matched concentrations (not shown). We
suspect that those low-intensity peaks may actually be due
to a small amount of Jzo remaining in the kg sample. If
Ti(lll) citrate were to reduce a double bond of the tetrapyrrole
ring of F430 during formation of kgo, the majorm/z 905.3
peak would increase by vz units to 907.3.

The NIM is ideal for MS analysis of §go and R3o (Figure
5). In the NIM, the doubly charged forms of bothsfand
Fss0 produce significant contributions to the corresponding
spectra. Specifically, in the case aofsi-(Figure 5, left), the
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singly charged and doubly charged species contribute equallyheterogeneous mixture of peaks that appear around14

to the spectrum, while fordgo (Figure 5, right), the spectrum

(Figure S4), indicating that several protons associated with

is dominated by the doubly charged species. This pattern isthe coenzyme can exchange with the deuterons in the solvent,

quite different from that of kg suggesting #go is indeed
observed in the mass spectrum. For botky Bnd Fgo, the
major peaks are observed atz 903.3 (905.3— 2), as
expected for the loss of two protons from the carboxyl groups
appended to the tetrahydrocorphinoid Framd m/z 451.2
(expect 903.3/2= 451.6) for the singly and doubly charged
species, respectively. That the major form of thg Bample

making it difficult to analyze the mass spectrometric data
for the reduction with NaB[R These results strongly indicate
that NaBH, (or NaBDy) reduces a €N or C=0 bond of
the tetrapyrrole ring of ko, which would result in hydride
(or deuteride) uptake on carbon and protonation of N or O,
respectively.

is the doubly charged species strongly indicates that FigureNMR Studies

5 (right) is the mass spectrum ofgg since one-electron
reduction of Ni would increase the negative charge on the
complex to—2 without affecting the protonation state of the
tetrapyrrole ligand (i.e., infzpand Rgq, the tetrahydrocorphin
would have a net charge 6f3 and the Ni would bet1).

These results provide the most direct evidence to date that

conversion of o to Fsgo does not involve reduction of a
double bond on the hydrocorphin ring.

While reduction of Ezowith Ti(lll) citrate to generate #go
causes a significant blue shift of the dominant absorption
feature from 430 to 380 nm, treatingsFwith NaBH, results
in an even more dramatic blue shift of this feature to 330
nm, yielding k3o (Figure 3). To determine if this UMvisible
spectral perturbation associated with conversion gf ©
Fs30 (Figure 3) results from metal- or hydrocorphin-centered
reduction, we compared the mass spectrum fgp With
those of samples treated with either NagHigure 4, center)
or NaBDy (Figure 4, right). We took the same precautions
described above for the analysis agifexcept that we were
able to remove the reductant (NaBHsince k3o is more
stable than Ego In the PIM MS spectral region associated
with the singly protonated species, the major peak shifts by
m/z 2, from 905.3 to 907.3, whenkpis reacted with NaBHl
and bynvz 3, to 908.3, when fzp is reacted with NaB[R
Similarly, the major peaks associated with the doubly charged
products formed upon NaBrand NaBD treatment of bzo
(insets of Figure 4, center and right), which we caliofand
Fsson, OCcur atm/z454.2 and 454.7, respectively. Multiplying
these values by 2 and subtracting 1 yiaidg ratios of 907.3
for Fs30 and 908.3 for kzop. The doubly charged forms of
Fss0and Fz3op contribute approximately 7288% of the total
intensity, corresponding to an25-fold increase in the
fraction of doubly charged species formed in these experi-
ments relative to those involving.dp (Figure 4, left).

The m/z 2 increase in mass whengy is treated with
NaBH, and them/z 3 increase upon treatment with NaBD
in water indicate that two hydrogens are incorporated upon
conversion of kg to Fszp and that one of the hydrogens is
introduced from the solvent and one is not. This result shows

that transfer of one nonexchangeable hydride (or deuteride)

One-dimensional (1D) and two-dimensional (2D) NMR
spectroscopy was used to obtain unambigubtisind 13C
spectral assignments fogdy and, thereby, identify the site
of hydride transfer to the tetrapyrrole ring during reduction
of F430 by NaBH,. All experiments were carried out in a
sealed tube using a 1.0 mM sample in) and special
attention was paid to ensure the stability of the sample during
the experiment (see Experimental Details). To confirm that
Fs30had not undergone oxidation (or further reduction) during
data collection, the electronic absorption spectrum was
measured after the NMR experiment, and indeed, this
spectrum was found to be almost identical to that collected
before the experiment. Consistent with a previous refdt (
our NMR data indicate that at room temperatuse, Exists
as a mixture of low-spin and high-spin Ni(ll) species, which
results in a paramagnetic shift and broadening of all the
resonances. In contrastgsfrexhibits the sharp lines char-
acteristic of a diamagnetic species, which facilitates the
assignment of signals. Experiments involvitig-detected
heteronuclear multiple-quantum coherence (HMQC) via
direct protorn-carbon one-bond coupling were used to assign
the carbon signals. The HMQC method is extremely useful
for assigning geminal proton signals since bé&thsignals
correlate with a single carbon frequency. Proton resonance
assignments of atoms that are interacting via through-bond
scalar coupling were established by homonuclear correlated
spectroscopy (COSY). The 13 NMR and 2D HMQC and
COSY experiments were performed on samples gf F
reduced with NaBklor NaBD,. In the latter case, it is the
absence of a particular signal that identifies the site of double-
bond reduction. ThéH and *3C signal assignments based
on 1D and 2D NMR experiments are listed in Tables 1 and
2 (see Figure 1 for the numbering scheme that was used).
The NMR resonance assignments are consistent with those
reported for the two-dimensional NMR analysis of native
coenzyme ko and its pentamethyl ester derivativg2( 54)

Assignment of the One- and Two-Dimensional NMR
Spectra of k3o

and one solvent-introduced proton (or deuteron) occurs when  The *H and**C NMR assignments of & are shown in

Fu30 is converted to B (or Fssop). We also performed
reduction of Bz with NaBD, in D,0O, expecting that under
these conditions an increase mifz 4 should be observed,
since a deuteride would come from NaB&nd a deuteron
from the solvent. However, even wheusfitself is placed

in D,O, the peaks atm/z 905.3 are replaced with a

2The formal charge on Ni is-2, and that on the directly bonded
nitrogen is—1; therefore, with the loss of two protons from the carboxyl
groups, the net charge on the ligand would-b&

Tables 1 and 2. Signals from exchangeable protons bound
to carboxylic acid and amide functionalities are not observed
since all spectra were recorded i@ Many of the chemical
shifts observed in the gk spectrum are similar to those
observed in théH NMR spectrum of the pentamethyl ester
derivative of k3, The details of the assignments are given
in the Supporting Information.

A proton signal in the spectrum ofsf;, which was
generated by reduction ofydp with NaBH,, is observed at
4.65 ppm. This signal has no counterpart in the spectrum of



11922 Biochemistry, Vol. 45, No. 39, 2006

Table 1: *H NMR Data of ks
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the sample is reduced with NaBDFigure 7). In the'H—
13C HMQC spectrum of ko (Figure 6), this 4.65 ppm proton

assignmertt 0 (ppm) assignment 0 (ppm) signal correlates with the carbon signal at 61 ppm, which is
HsC—C2 1.02 H—-C3b 2.26 assigned to C17C. This methine proton in ring D afoF
HsC—C7 1.11 H-C3b 2.42 : . ,
H—C5 133 H-C8b 530 arises from the secondary alcoholic proton transferred during
H—C5 1.85 H-C8b 251 the reduction of the cyclic ketone group on ring D Qi
H'—C3a 1.35 H-CT7a 225 Accordingly, in the'H—3C HMQC spectrum of the NaBp
H-C3a 1.65 H-C7a 2.42 reduced compound gk, the cross-peak due to the methine
E—_&l??t? i:ig ,':';522: g:g’g proton disappears (Figure 7). This is the only proton signal
H'—C8a 1.37 H.H-C12a 225 present in théH—3C HMQC spectrum of gz that is absent
H—-C8a 1.76 H-C17 2.52 in the spectrum of &op.
3:001133; %:?g igg %:gg This disappearance of the methine proton signal of C17c
H'—-C17a 1.75 H-C20 275 was also observed in the 2D COSY spectra shown in Figures
H-C17a 2.20 H-C20 2.85 8 and S5. Direct scalar connectivities are established from
H-C18 1.88 H-C12 2.92 the 2D COSY spectra. The signal at 4.65 ppm from H17c
E__gll;f’ %:21)2 :gig g:gg correlates directly with protons at C17b and C17a, which
H'—C18a 215 H-C4 4.62 appear at 1.30 and 2.20 ppm, respectively. There is an
H—-C18a 2.46 H-C17c 4.65 apparent cross correlation between the protons of C17¢ and
2 See Figure 1 for the atom numbering scheme. C17 at 2.52 ppm; however, the C17 peak is adjacent to a
large water signal decreasing the reliability of this assign-
Table 2 %C NMR Data of R ment. These cross coupling peak_s are not observed in the
: 0 COSY spectrum of fz0p as shown in Figure S5 and in the
assignmerit 0 (ppm) assignment 6 (ppm) COSY spectrum of fz reported in the literature3@, 54).
Hs;C—C7 14 Cl2a 40 The only cross-peaks that appear in this region are the ones
HyC—C2 19 C3 42.5 arising from the 4.62 ppm signal from the methine proton
gga 215 Caa 435 at C4, which correlates with its neighboring protons at C5
a 225 C7a 445 - . .
Cl7a 25 c18 465 and C3. To highlight the couplings observed in the COSY
C17b 28 C13 49 spectra, the C19 methine proton interacts with its adjacent
Cl3a 28 Cl7 49.5 protons at C20 and C18 by exhibiting cross-peaks near 2.80
&2;8 gg 5 (C:Elgz gg and 1.88 ppm, respectively. The proton signal at 2.92 ppm,
c3b 35 c19 63 arising from the methine proton at C12, correlates with
C13b 35.5 Ci7c 61 protons at C12a and one of the geminal protons of C13a
gé&’:\ 3386-5 c4 65 that appear at 2.25 and 1.68 ppm, respectively. Similarly,

the methine proton at C8 shows coupling with one of its
adjacent protons at C8a. While Ha shows a cross-peak
due to its neighbor H7b, H5 only shows direct coupling
Faz0 Furthermore, this resonance disappears when native F - with H'5 that is attached to the same carbon, C5. Also, the
is reduced using NaBPwhich is clearly evident from the  signals due to protons at positions C2a, C17, C8b, C3b, C7a,
two-dimensional HMQC spectra (Figures 6 and 7). The 4.65 C17a, C18a, and C13b exhibit through-bond coupling with
ppm resonance is assigned as the methine prét@h-OH) protons in their vicinity as shown in Figures 8 and S5.

of C17c that arises from reduction of the carbonyl group at Thus, the'H, COSY, and HMQC spectra are consistent
C17c of hy (Figure 1) by NaBH. The absence of this i the hypothesis that formation ofsd involves the
resonance in théH NMR spectra of ksop is diagnostic  yeqyction of the ketone group at C17c, which is part of the
because NaBbtransfers a deuteride instead of a hydride, \ing attached to ring D of the tetrapyrrole (Figure 1). The
which would generat®C—OH at C17c. This assignment  ;,mpete description of the assignment of signals for all of

agrees with the secondary alcoholic proton signals reportedie nrotons of fyoand their directly attached carbons based
in the literature 5, 56. The reduction of the-C=0 group on the H—13C HMQC spectrum shown in Figure 6 is

of Fagoat C17C t0>HC—OH in Fsg 0r >DC—OH in Faop resented as Supporting Information (Figures S6 and S7
greatly influenced the chemical shifts of the adjacent protons P PP g (Fig )

at C17b. These{H,C—HC—OH) protons shift upfield by
~1.2 ppm and appear around 1.4 ppm iggFand Rsop,
whereas for ko these ¢ H,C—C=0) protons resonate at The 10 K absorption spectrum ogd (Figure 9, top) is
2.5 ppm as reported in the literatur@2( 54). Reduction to very similar in general appearance to that obtained at ambient
a secondary alcoholic group relieves the deshielding effecttemperature (Figure 3), indicating that the molecular structure
of the carbonyl group and therefore causes an upfield shift of this species is preserved at cryogenic temperatures. The
of C17b from~39 ppm in Rzoto 28 ppm for ks and F3op. MCD spectrum of kzois essentially featureless and remains
The signals for all of the protons oo and their directly unchanged over a wide range of temperatures{40® K,
attached carbons have been assigned on the basis'¢fthe  data not shown). These results conclusively demonstrate that
13C HMQC (Figure 6) andH—'H COSY (Figure 8) spectra.  Fszppossesses a diamagne®= 0) ground state, consistent
With respect to the site of hydride transfer ipdio generate  with the narrow dispersion and sharpness of all features in
Fs30 the most important assignment corresponds to the protonthe corresponding NMR spectra described above. Therefore,
signal at 4.65 ppm (Figures 6 and 8), which disappears whentwo oxidation states of the nickel ion insdy appear

a See Figure 1 for the atom numbering scheme.

Low-Temperature Absorption and MCD Studies efF
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FiGURE 6: Two-dimensionalH—3C HMQC spectrum of ko recorded in RO at 25°C. Horizontal lines connect signals of geminal
protons. Horizontal and vertical axes represent proton and carbon chemical shifts, respectivéity NMRB spectrum of kg is shown at
the top (Imp= impurity).

plausible: low-spin Ni(ll) or Ni(0). The latter possibility = dependent MCD features, a putative Ni(Fspecies would
would seem more probable in light of the reducing conditions also be expected to bind two axial water molecules (and thus
required to generatesfy This issue has been addressed by to become paramagnetic) at low temperatures. While for this
computational studies as described in the next section. reason, and in light of the reducing conditions employed to
) . generate this species, a Ni(0) description fggRppears
Computational Studies more likely, full DFT geometry optimizations were per-
formed on both four-coordinate Ni(0)- and Ni(ll)-containing
Fs30 models. As the changes in the electronic absorption
spectrum accompanying asb— Fs3o conversion most likely
reflect the reduction of a double bond at one end of the
conjugatedr system of the hydrocorphin macrocycle, our
Fs30 computational models were generated by adding two
electrons and two protons to the G&N bond associated

To obtain quantitative insight into the electronic structure
of Fs3p, we performed computational studies on various
coenzyme models. As revealed by our NMR and variable-
temperature MCD data described aboves,Eontains a
peripheral alcohol group at C17c in the ring adjacent to ring
D and a low-spin Ni core, which is either a Ni(0) or a low-
spin Ni(ll) center. A powerful means for better understanding ='=>~"* , )
the electronic structure ofsk and for discriminating among ~ With ring D or, alternatively, to the peripheral C¥D
possible Ni oxidation states insg and its derivatives is  carbonyl moiety adjacent to ring D (Figure 2). The DFT-
provided by DFT/TD-DFT computations. In this approach, optimized mpdels were then gvaluated on the bas[s of our
TD-DFT is used to calculate the electronic absorption spectra SPECtroscopic data for sk using TD-DFT cglculaﬂons, .
of viable coenzyme models (optimized using DFT), which preV|ou§Iy shown to be WeI_I suited for predicting electronic
can be compared directly to the experimental absorption @dsorption spectra of varioussss models 25). Parallel
spectrum of the species of interest. As we demonstrated incomputations were performed on analogous Niglymodels
our previous studies of /5 and Fego (25), the TD-DFT- thf'it provided a well-defined reference point in these evalu-
predicted (and experimental) absorption spectra of this ations.
coenzyme vary considerably as a function of Ni oxidation = Geometry-Optimized Niz Models. Tables 3 and 4
state, suggesting that discrimination between low-spin Ni- compare key structural parameters for the geometry-
(I) and Ni(0) descriptions for &0 should be relatively  optimized models of Ni(Il) ko (1 and1*), Ni(0)Fss0 (2), and
straightforward. Ni(I)F 330 (3, 3*, 44, 4b, and4*) shown in Figure 2. Although

Since k3o has been shown to bind two axiab® ligands an eclipsed HC17¢c-O—H configuration was initially
at cryogenic temperatures to yield a six-coordinate high-spin chosen for modeda, the proton of the alcohol moiety moved
(S = 1) Ni(ll) species exhibiting intense temperature- during the geometry optimization, leading to a dihedral angle
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FIGURE 7: Two-dimensionatH—13C HMQC spectrum of kop recorded in RO at 25°C. Horizontal and vertical axes represent proton
and carbon chemical shifts, respectively. An asterisk designates the position of th€ () cross-peak in thd—2C HMQC spectrum
of Fszo (Figure 6). Horizontal lines connect signals of geminal protons.HiEMR spectrum of kzopis shown at the top (Imp= impurity).

7 of 54° in the fully optimized model. In contrast, when the as the occupied Ni 3d-based MOs are too low in energy to
alcoholic proton was positioned in a staggered conformation participate in electronic transitions in the Y¥Visible—near-
(r of 180), it exhibited an only minimal shift, as revealed IR spectral region.
by ther value of 176 in optimized modelth. The partially Reduction of the CI&N and C17e=O bonds of the
eclipsed configuration of the alcoholic proton in model hydrocorphin macrocycle df to generate model3* (C=N
is predicted to be more stable than the staggered conforma+eduction) andl* (C=0O reduction), respectively, has a small
tion in 4b by ~5 kJ/mol (Table 3; note that a direct but non-negligible effect on the TD-DFT-calculated absorp-
comparison of the computed total energies is only meaningful tion spectrum (Figure 9). As proposed previously on the basis
for different sets of isomers). Due to this energetic preference, of qualitative considerationsl®), reduction of a &N (or
only the partially eclipsed geometry of the alcoholic proton C=Q0) bond at one end of the conjugatedsystem of the
was considered in subsequent QM/MM computations. hydrocorphin macrocycle elicits a blue shift of the dominant
Excited-State TD-DFT Calculationgigure 9 compares UV —visible absorption feature. The TD-DFT-calculated blue
the experimental absorption spectra @forand k3o to the shifts of 1719 cm? (from 1* to 3*) and 629 cm* (from 1*
spectra computed via TD-DFT/COSMO for Ni(llds model to 4*) predict the trend in the experimentally observed shift
1*, Ni(0)Fs3o model2, and Ni(ll)Fs3o models3* and4* (TD- of this feature from 23 260 to 30 300 cin(from 430 to
DFT-calculated absorption spectra for all computational 330 nm) upon k3 — Fs30 conversion, possibly indicating
models considered are presented in Figure S7). Consistenthat Fz30 may in fact possess a Ni(ll) center. Comparison of
with the computational results obtained in our previous study the calculated bonding description fbf to those obtained
of a truncated coenzyme modéyj, the TD-DFT results for 3* and4* (Figure 10) reveals the expected increase in
for four-coordinate Ni(ll)&3 modell* agree reasonably well — energy separation of the hydrocorphifbased occupied and
with our experimental data, predicting a single dominant z*-based unoccupied MOs involved in the dominant transi-
feature at 26 206 cni (382 nm) that clearly corresponds to  tion upon ring reduction, while the occupied Ni 3d-based
the prominent absorption band at 23 260 €430 nm) in MOs remain too low in energy to participate in electronic
the experimental spectrum (Figure 9, top). Note that the transitions throughout the UWisible—near-IR spectral
transition energies for o and the related B cofactors are region. The similarities betweedt and4* in their calculated
consistently overestimated by the B3LYP TD-DFT method absorption spectra and MO diagrams signify that spectral
(21, 25, 57—64). Analysis of the calculated MO diagram predictions alone are insufficient to distinguish between the
for 1* (Figure 10, left) reveals that the absorption spectrum two possible reduction sites on the hydrocorphin ring.
is dominated by hydrocorphin-centergd— z* transitions, However, the DFT-predicted stabilization 4f relative to
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FicUrRE 8: Two-dimensionatH—1H COSY spectrum of f, recorded in RO at 25°C (Imp = impurity).

L ]

3* (as well as ofda relative to3, Tables 3 and 4) favors almost equally shared between the Niz3d orbital and a
carbonyl reduction over€N bond reduction, consistent with  hydrocorphinz*-based orbital; i.e., the LUMG- 1 of 2 (MO

our NMR results for ks presented above. 117 in Figure 10) contains nearly equal contributions from
While spectral predictions do not provide a conclusive the Ni 3d2— and hydrocorphint* orbitals. This result
means by which to distinguish between modgtsand 4*, suggests that the anionic hydrocorphin macrocycle is too

they are well suited to addressing the issue of metal- versusstrong as a donor ligand to stabilize Ni(0), providing a
tetrapyrrole-based reduction. Metal-centered two-electronrationale for why treatment of 4gp with NaBH, results in
reduction of Ni(Il)Fz30 model3 to generate Ni(0)fzo model the reduction of a &0 bond while preserving the Ni(ll)

2 (Figure 2) gives rise to the appearance of numerous intenseoxidation state.

features across the entire WVisible—near-IR spectral Axial Ligand Binding Affinities of Ni(ll)kzo and Ni(ll)-
region of the TD-DFT/COSMO-calculated absorption spec- Fsz3. On the basis of our TD-DFT-based evaluation of
trum (Figure 9). The presence of these low-energy featurespossible B3y models, only a low-spin Ni(ll) description

in the computed absorption spectrum Zaran be understood  appears to be consistent with our experimental data. How-
in terms of a dramatic destabilization of the occupied Ni ever, it is not clear whether such a Ni(lkjgspecies would
3d-based MOs upon Ni(Ih~ Ni(0) reduction (Figure 10).  indeed be four-coordinate and diamagnetic (similar to the
In the reduced Ni(0)fz0 model, the metal 3d-based MOs lie  free coenzyme o at room temperature), as required by our
between the hydrocorphin-based occupied MOs and the MCD data. To estimate the relative binding affinities for axial
m*-based unoccupied MOs, thereby allowing these MOs to H,O ligands of Ni(ll)Rz and Ni(ll)Fs30, DFT geometry
serve as donor orbitals for several low-energy Ni-3d optimizations were performed on the high-spin bis-aquo
hydrocorphinz* charge-transfer (CT) transitions. As these analogues ofl and4 using a spin-unrestricted formalism.
features have no experimental counterparts (Figure 9, top),Importantly, the ligand binding affinities of the two Ni(ll)
our TD-DFT results strongly suggest that the tetrapyrrole species were found to be nearly identical, merely differing
ring is the only site of two-electron reduction upon conver- in AAH values by<1 kcal/mol. Thus, in light of the fact

sion of Rz t0 Faso that the six-coordinate bis-aquaskspecies predominates
Interestingly, inspection of the calculated MO description only at cryogenic temperatures, our calculations appear to
for 2 reveals that the two electrons added to Ni(ikpdo be qualitatively consistent withskp being a four-coordinate

not actually localize on the Ni center alone. Rather, they are Ni(ll) species; i.e., the actuaAAH value might be suf-
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Ficure 9: Experimental 10 K absorption spectra agfand k3o
(top two panels) and TD-DFT/COSMO computed spectra for
coenzyme modeld*, 2, 3*, and4* (bottom four panels).

Table 3: Key Structural Parameters for the QM-Optimized
Truncated Models of ko and k3o

1 2 3 4a 4b
description Ni(”)EBo Ni(O)F330 Ni(||)|:330 Ni(||)F330 Ni(||)|:330
Ni—N(A) (A)  2.072  2.099 2103  2.024  2.027
Ni-N(B) (&)  1.994  1.997  1.968 1944  1.967
Ni-N(C) (A) 1.974 2077 1972 1964  1.955
Ni-N(D) (&)  1.953 2179 2027  1.912  1.920
C17¢-0 (A) 1.232 1.270 1.232 1.437 1.448
7 (H-C—O—H) NJ/A?2 N/A2 N/A2 53.5 176.2

(deg)
fold angl® (deg) 5.73 10.89 17.49 18.92 17.45
energy (eV) —341.29 —352.83 —347.71 —348.45 —348.39

2 Not available The fold angle is defined as the angle between the
mean planes defined by atoms C15, N, C19, C20, C1, N, C4, and C5
and atoms C15, C14, N, C1, C10, C9, N, C6, and Q%ote that a
direct comparison of the computed total energies is only meaningful
for isomers3, 4a, and4b.

ficiently large to ensure thatskp remains four-coordinate at
all temperatures, similar to the isoelectronic Cepbalamin
cofactor 65).

X-ray Absorption Studies

To further address the issue of whether the Ni oxidation
state changes whendsis reduced to kg we collected Ni
K-edge X-ray absorption near-edge spectroscopic (XANES)
data of kgpat pH 2 and 11 and of & (Figure 11). First-
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Table 4: Key Structural Parameters for the QM/MM-Optimized
Complete Models of ko and k3o

1* 3* 4*
deSCTiption NI(”)Ego Ni(||)|:330 Ni(”)F330
Ni—N(A) (&) 1.919 1.901 1.908
Ni—N(B) (A) 1.922 1.910 1.922
Ni—N(C) (A) 1.936 1.903 1.914
Ni—N(D) (A) 1.872 1.947 1.876
Cl17¢-0 (A) 1.281 1.232 1.454
O—H (A) N/A2 N/A2 0.977
7 (H—C—0O—H) (deg) N/A N/A2 53.3
fold angle® (deg) 60.20 61.51 56.22
energy (eV) —408.35 —416.26 —416.92

aNot available P See Table 3 for a definition of the fold angfeNote
that a direct comparison of the computed total energies is only
meaningful for isomer8* and4*.

eV. A small pre-edge peak at 8332.3 eV can be assigned to
a formally forbidden Ni 1s— 3d transition. Both of these
features correspond to those observed previously for the
MCR enzyme 23). The lack of any significant pre-edge
structure at~8338 eV suggests that the Ni site is six-
coordinate 23, 66) and is consistent with the formation of
bis-aquo Ni(ll)R3o on freezing.

The spectrum of fzpat pH 11 shows that the energies of
the edge inflection and the Ni ts 3d band are essentially
unchanged. While the intensity of the Ni-4s3d transition
is also unchanged, additional pre-edge structure appears
around 8337 eV, which is revealed to comprise two bands
by the derivative spectrum. These features are usually
assigned to Ni 1s— 4p transitions with ligand-to-metal
charge-transfer shakedown contributio63, (68).

At pH 2, the k3o spectrum is more complex. There is
apparently a 0.2 eV downshift of the edge inflection point
to 8343.7 eV; however, this is small compared to thk
eV shift expected for a one-electron reduction. The Ni-ls
3d feature remains at 8332.3 eV, but the additional pre-edge
structure around 8337 eV has become even more complex,
with two well-defined features at 8335.5 and@339 eV.

These data clearly show that conversion gfko Fszois
not accompanied by reduction of the central Ni because the
energy shifts observed for the Ni K-edge and -*s3d
transitions are rather insignificant. Thus, consistent with the
MCD data presented above, our XAS results also demon-
strate that bz, like Fa30, contains a Ni(ll) ion. We note that
the edge shift observed on one-electron reduction of Ni
compounds can vary considerably with the metajand
environment, as the net increase in Ni d-electron density can
be moderated through metdigand covalency §6). Al-
though a shift of 1.8 eV has been observed for Ni oxides, a
value of slightly less than 1 eV is more typical. In this case,
however, we can calibrate the expected shift using Ni K-edge
XANES measurements previously reported on the MCR
enzyme R3). These data showed a 0.5 eV shift when the
spectrum from Ni(ll) MCRjent Was compared with that for
a 60% Ni(l) MCReq1 Sample, the 40% balance presumably
being Ni(ll) MCRsjent This implies an~0.8 eV shift for
complete Ni(Il)= N(I) reduction of the coenzyme. Similar
shifts were observed in studies of MER by Duin et al.

derivative spectra are also presented in the bottom panel to(10). Consequently, an at least 1.6 eV shift would be expected

disclose the edge structure.
The Ni K-edge spectrum of ;55 comprises a relatively
unstructured broad edge with a major inflection at 8343.9

for the conversion of Ni(ll) to N(0). Therefore, our results
clearly rule out the reduction of Ni(ll) to Ni(0) during the
conversion of kzo to Fszp and strongly indicate that the Ni
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responsible for the dominant transitions in the TD-DFT calculated absorption spectra shown in Figure 9 are denoted with arrows.
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Ficure 11: Ni K-edge XANES data of f3pat pH 2 (---) and 11
(—) compared with that of Jzo (-**) (top) and first-derivative spectra
(bottom). The temperature was 10 K.

in F430 and both pH states of3kp share the same Ni(ll)
oxidation state.

A second conclusion is that the appearance of Ni-1s
4p shakedown transitions in thesk spectra reflects geo-

metric and ligand coordination changes at the Ni site on
coenzyme reduction. These transitions tend to be absent in
six-coordinate Ni sites23), and this is the basis of our
suggestion that the b in our frozen sample is bis-aquo
axially coordinated. By contrast, their presence igoF
suggests a lower ligand coordination number, and possibly
a lowering of the degree of symmetry, such as movement
of the Ni out of the macrocycle plane. Interestingly, the
intensities of the Ni 1s~ 3d transitions in the §3p and k3o
spectra are virtually identical; in both cases, the correspond-
ing areas are-2.4 x 1072 eV. Analysis of model compound
data indicates that the intensity of this transition also
correlates with the ligand coordination number and geometry
(23, 66). A value of 2.4x 1072 eV is consistent with either

a six-coordinate octahedral or four-coordinate planar Ni site;
a five-coordinate bipyramidal Ni is expected to have a
significantly more intense transition with a typical area of
~6 x 1072 eV. Therefore, the most straightforward inter-
pretation of these data is that even in the frozen staig F
has four-coordinate planar geometry and, by inference, no
axial ligands, which is consistent with the low-spin assign-
ment based on our NMR, MCD, and computational results.

Finally, the pH sensitivity of the 450 XANES data, in
particular in the Ni 1s~ 4p shakedown region that provides
a sensitive probe of ligand-to-metal charge-transfer transi-
tions, is consistent with protonation of the macrocycle ligand
at low pH. The detailed changes in thesfspectra are
intriguing and presumably reflect subtle changes in the ligand
environment and/or conformational changes at the Ni site.
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Ficure 12: High-frequency RR spectra ofidg, Fsso, and Rso

Resonance Raman Studies

RR studies were undertaken to investigate the struetural
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Ficure 13: High-frequency RR spectra otds, 1°N-labeled Fsg,
Fsz0p, and15N-labeled Rzop.

the 15N label (Figure 13). Out“N — 5N isotopic labeling
studies show that the 1585 ciband of k3o downshifts to
1575 cntlin 15N-labeled k3, None of the other RR bands

conformational changes in the macrocycle that accompanyof Fa3, exhibits any discernible isotope shift. The 10 ém

conversion of kzeto Rz In principle, the RR studies could
also provide an independent probe of reduction of the E17c
O group to an alcohol. However, the=© stretching
vibration of F30 which should be observed in 1662700
cm! region, is not resonance enhanced in the Raman
spectrum 23). Accordingly, RR spectroscopy offers only an
indirect probe of the effects of carbonyl reduction.

The high-frequency RR spectra ofsl Fzso, and k3o are
compared in Figure 12. The RR scattering characteristics of
Fa30 and Rgo have been previously discussed in detaB)(
and will not be elaborated herein. Instead, we focus on the
RR features that distinguishsf from the other forms of
the coenzyme. The RR spectrum aidHs dominated by a
single strong band at 1563 ciall other vibrational features
are relatively weak!°N labeling studies have shown that
the 1563 cm?! band contains substantiaFN stretching
character. The RR spectrum ofgkis much richer than that
of F430 and exhibits a number of relatively intense bands in
the high-frequency region, including features at 1378, 1490,
and 1624 cm'. None of these bands otdy corresponds to
the 1563 cm?! band of B3 Inspection of the RR spectra
shown in Figure 12 reveals that the vibrational characteristics
of Fagpare distinct from those of eithends or Fssg however,
the spectrum of {3 is qualitatively more similar to that of
Fas0 In particular, the ko spectrum is dominated by a single
strong band at 1585 criy while all other bands are relatively
weak.

To further investigate the vibrational characteristics 2§, F
RR spectra were obtained for thi#\-labeled coenzyme, as
well as R3op containing both natural abundance nitrogen and

N — 15N shift observed for the 1585 crhband of ks is
comparable to the 14 crishift observed for the 1563 crh
band of k3o (23), suggesting that these modes have similar
compositions for the two forms of the coenzyme. In the case
of Fasop, N0 *H — 2D shifts can be discerned for any of the
RR bands. Likewise, the spectral features observetblfir
labeled R3op are similar to those of°N-labeled k3. These
results indicate that vibrations involving motions of atoms
that are deuterated do not contribute to the resonance-
enhanced Raman features observed fgs F

The vibrational characteristics of;45 are interesting in
light of the other spectroscopic and computational data
reported herein, which indicate that conversion gfoFo
Fs30is due to reduction of the C1¥O group accompanied
by conversion of the Ni(ll) ion from a high- to low-spin form.
In particular, previous RR studies have shown that tke C
N skeletal mode observed at 1563 Cnfior six-coordinate
(high-spin) B30 downshifts to 1532 crt when the coenzyme
is converted to its four-coordinate (low-spin) forB9-71).

In contrast, this skeletal vibration odg, which also contains

a four-coordinate, low-spin Ni(ll) ion, is observed near 1585
cmt, an upshift of ~22 cm?! relative to that of six-
coordinate, high-spin 4. Accordingly, the frequency dif-
ference between the =N skeletal mode of the four-
coordinate, low-spin forms ofg versus ksois greater than
50 cmtt. This observation is qualitatively consistent with
the view that reduction of the C17®© bond increases the
m-bond order in the remaining-framework.
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DISCUSSION does lead to two-electron reduction of the tetrahydrocorphi-
) ) noid ring. Conditions were optimized to ensure that thg F
Native coenzyme fxohas been studied by EPR and related  giate was maintained throughout the course of the experiment.
advanced EPRIG, 72-77), UV—visible and MCD @1, 25, Mass spectrometric results show thagoFreduction with
73), X-ray absorptlon 10, 23), NMR (32, 54, 78), and RR NaBH, in H,O increases the mass by 2 units and reduction
(23) spectroscopies, spectroelectrochemis#y, (79), and  yjith NaBD, in H,O increases the mass by 3 units. Thus,
X-ray crystallography§, 80). These spectroscopic properties one of the protiums (or deuteriums) that is transferred is
of MCR and cofactor k3o have been reviewed, 81). The introduced from the solvent (or can be exchanged with the
coenzyme is routinely isolated in a high-spii=t 1) Ni(ll) solvent), and the other is not. This result is consistent with
state that can undergo various reactions. When heaied, F ansfer of a hydride (or deuteride from NaB@nd a proton
epimerizes to the 12,13-diepimer; thus, when isolated from oy the solvent, with the hydride (or deuteride) forming a
the cytoplasm, ko is isolated as a mixture of nativesds stable C-H (C—D) bond and the proton bound to N or O at
and the diepimer50, 82). In the studies described here, 4 exchangeable position.
homogeneous preparations ofsf were obtained from Although our MS experiments conclusively demonstrate
purified MCR, which contains only the native coenzyme and 4 the tetrapyrrole ring undergoes reduction upon conver-
lacks the d_|ep|mer. Jo can be reduced by_ Ti(ll) citrate to  gjon of Faso 0 Faszo but not to g they do not permit
form the Ni(l)-bound ks state or, alternatively, by NaBH jqentification of the specific site on the tetrahydrocorpinoid
to generate the & state. A major aim of the studies (ing {0 which the hydride and proton are transferred.
described here was to characterize the novglstate using  Attempts to further fragmentsk and determine the site(s)
a variety of experimental methods (MS, electronlp absorption, containing the increased mass using tandem MS/MS were
MCD, RR, NMR, and XAS) and by computational tech- g ccessful because the fragmentation cleaved the various
niques (DFT and QM/MM methods). Another aim was 0 gr5yps appended to a stable tetrapyrrole ring system. Thus,
develop a better understanding of the relatively well- NMR, RR, MCD, XAS, and computational approaches were
characterized fgo state and to establish gonclusively whether | sed to identify the site of reduction on the tetrapyrrole ring
the tetrapyrrole ring undergoes reduction upag F~ Fago and to establish the oxidation and spin states of nickel in
conversion. An important aspect of these studies is that theYine core of B
provide an understanding of the factors that lead to metal \vR experiments, which are severely compromised for
versus tetrapyrrole ring reduction. the study of s because of its paramagnetism and rapid
Our MS results show unambiguously that reduction@bF  decay to Ni(ll), are ideal for investigatingsf. TheH and
by Ti(lll) citrate to generate dgo, the form of the coenzyme 3¢ NMR signals of ko in water and/or BO are narrow
in the red1 state of MCR, does not involve reduction of the and well-resolved, indicating thatfy contains low-spin$
tetrahydrocorphinoid ring. Earlier, it had been proposed that = 0) Ni(Il) or Ni(0). In contrast, k3o exhibits NMR signals
generation of ggoinvolves one-electron reduction of the Ni-  in water and/or BO that are fairly broad and unassignable
(I1) center to Ni(l) along with a two-electron reduction of - due to the high-sping= 1) Ni(ll) central ion in this species.
the tetrapyrrole ring43). Unambiguous assignment ofsk ~ Therefore, the NMR spectra of nativesiwere previously
as a Ni(l) species could be made on the basis of its typical collected in ECCD,OD (TFE), and the pentamethyl ester
d® S= %, EPR spectrum. Tetrapyrrole ring reduction was of F,3, was studied in CBCl, or CDCk, where the Ni(ll)
proposed because the WVisible spectrum underwenta 40  jon is a low-spin ion $= 0), so that the signals are narrow
nm blue shift upon conversion ofsf to Fsso, Which is enough to permit detailed assignmerg, (54).
characteristic of a single double-bond reduction within a  While theH and3C chemical shifts for ko are similar
conjugated z-system. Furthermore, a peak in the RR to those of native fzpand its pentamethyl ester, they exhibit
spectrum of ko assigned to a mode involving predominant  some important differences that reveal the site of reduction
C=N stretching motion either disappears or undergoes aof the tetrahydrocorphinoid ring during the conversion of
major shift when the coenzyme is reduced to thg Etate, Fas0to Fazo In @ comparison of theH—13C HMQC spectra
which would be consistent with reduction of one of theC  of F33, and Rsop, the methine proton signal at 4.65 ppm
N bonds associated with the conjugated tetrapyrrole systemcorrelating to the carbon signal at 61 ppm disappears in the
(23). However, the MS analysis in the negative ion mode spectrum of ksp This is the only proton signal that is lost
clearly demonstrates that the mass does not change whem Fy5; all of the remaining proton signals in thel—13C
Faso is reduced to kgo by Ti(lll) citrate. Therefore, we can  HMQC spectrum of ksp are the same as those ofsf
definitively rule out incorporation of hydrogen into the Therefore, it is clear that the proton signal at 4.65 ppm and
coenzyme when thesfp state is generated. These results are, the carbon signal at 61 ppm correspond to the site to which
therefore, inconsistent with tetrapyrrole ring reduction during the hydride is transferred.
formation of the MCR.q; state. Instead, they agree with the  Although, on the basis of RR data, it was previously
conclusions of cyclic voltametric and spectroelectrochemical suggested that the reduction takes place at=Al®ond @3),

experiments using the tetramethyl ester gfoRhat conver-  the assignments of the 4.65 (H) and 61 ppm (C) signals are
sion of F30to Fsgoinvolves one-electron reduction of Ni(ll) - unambiguous. Both théH and**C NMR resonances forsky

to Ni(l) without tetrapyrrole ring reduction2¢). This are in the range for secondary alcoholic groups. Furthermore,
conclusion is reinforced by Computational results on thg F there is no proton Signa| between 2.5 and 3.5 ppm (for
state described below. —HC—NH) that correlates to a carbon between 40 and 50

Although Ti(lll) citrate does not reduce the tetrapyrrole ppm that selectively appears in thesfFHMQC spectrum
ring of Fu30 during conversion to 4go, our MS results clearly  and is lost in the spectrum ofop. Thus, it is clear that no
demonstrate that treatment afsfFwith NaBH, to form Rz imine (—CH=N-) moieties, e.g., those conjugated to the
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tetrapyrrole system in rings B and D, undergo reduction when of F430 to Fs30 lead to a major conformational change that
Fas0is treated with NaBilor NaBDy. Consequently, our 2D isolates the double bond in ring D from the conjugated
NMR results strongly favor the reduction of the carbonyl system or, perhaps, causes the coenzyme to fold in a way
group in the exocyclic ring attached to ring D of§ thereby that the two double bonds on either side of ring C are
implying that F30— Fs30 conversion leads to the formation coplanar and thus the only ones that are conjugated. This
of a secondary alcoholic group, e.¢d4C—OH at C17c speculative conformational change would also help explain
(Figure 1). the 50 cm? upshift of the 1532 cmt band in the RR
The RR data are consistent with the NMR analysis and spectrum.
provide additional information about the conjugative network ~ TD-DFT calculations were used in conjunction with our
in the corphin ring of ks A large frequency difference of  spectroscopic data to evaluate viable Niffnodels that differ
the G=N skeletal mode for 3o versus k3pis observed. For  with respect to the metal oxidation state and to help reconcile
the four-coordinate, low-spin Ni(ll) state ofsdg (which the large spectral shift of the dominant absorption feature
predominates at room temperature), this band is observed athat occurs upon borohydride reduction ofsd= The TD-
1532 cnt?, while for four-coordinate, low-spin 4, it is DFT/COSMO computed absorption spectrum for Ni@)F
upshifted by 50 cmt. This upfield shift is consistent with  model2 (Figure 2) is clearly inconsistent with our spectro-
an overall increase in the-bond order of the conjugative  scopic data, exhibiting numerous intense features across the
framework as the number of-bonds in the conjugated entire UV—visible—near-IR spectral region that have no
network decreases from five to four (note that the imine in counterparts in the experimental spectrum (Figure 9). In
ring A is isolated from the conjugated network; see Figure contrast, the TD-DFT/COSMO calculated absorption spectra
1). On the other hand, a 50 cishift is quite large and  for our Ni(ll)Fs3o models3* and4* agree reasonably well
could reflect a conformational difference betweeg,fand with the experimental spectrum, reproducing the trend for
Fs30 (see below). the observed blue shift of the dominant absorption feature
The narrow, well-resolved NMR signals ofd indicate upon conversion of Jz to Fszo (Figure 9). Further compu-
that this species is diamagnetic and thus contains either low-tational studies will be performed to test the speculation that
spin Ni(Il) or Ni(0). NaBH, might be expected to reduce a folding of the tetrahydrocorphinoid ring in thesfstate
the metal to generate Ni(0), since borohydride is typically causes an additional shift of this feature toward higher
used to convert cobalamins from Co(lll) to Co(83) or to energy. In summary, even with the vast array of spectroscopic
reduce the €0 and G=N bonds of the macrocycle, since and computational methods that have been used, the large
borohydride is routinely used to reduce carbonyl and imine spectral shift is not fully explained, and we offer the testable
groups 84—87). To unambiguously establish the oxidation hypothesis that reduction of the carbonyl group at C17c
and spin states of the nickel inds, XAS was used. Only  elicits a change in conformation that disrupts the conjugation
minor shifts (<1 eV) and a small decrease in overall intensity in the tetrahydrocorphinoid ring system.
are observed in the lower-energy region of the XANES  Together, our spectroscopic and computational data pro-
spectra from Iz to Fsso. As the conversion of Ni(ll) to Ni- vide compelling evidence thatsf possesses a four-
(0) would give rise to an at least 1.6 eV decrease in the edgecoordinate Ni(ll) center, presumably because the anionic
energy, it is clear thatdz contains a low-spin Ni(ll) center.  nature of the hydrocorphin macrocycle prevents stabilization
The minor downshifts of the Ni 1s> 3d transitions most  of Ni(0). It is interesting to note that both reduction of Ni-
likely result from changes in the Ni spin state (high-spinin (1) to Ni(l) (yielding Fzs) and hydrocorphin reduction
Fazo vs low-spin in Rsg) and coordination number (six- (generating kzg) have qualitatively similar effects on the
coordinate in k3o vs four-coordinate in ). electronic absorption spectrum ofsk in each case leading
Reduction of k3 by NaBH, leads to a 100 nm blue shift to a marked shift of the dominant feature at 23 260 tm
of the dominant feature in the UWisible spectrum, which (430 nm) to a higher energy. However, the electronic origin
is much larger than the 280 nm shift that one might expect  of this blue shift is fundamentally different in these two cases.
for reduction of a &0 bond at the end of a conjugated Upon conversion of ko to Fzgq the occupied Ni 3d-based
network. As mentioned above, the computational results MOs are significantly increased in energy due a substantial
predict only an 11 nm shift in the UWvisible spectrum. decrease in the effective nuclear charge on Ni, thereby
The UV—visible spectra have been reported for a biosyn- shifting between ther-based occupied and*-based unoc-
thetic precursor of fzq, 15,17¢-seco-kg-17c¢-acid, in which cupied frontier orbitals of the hydrocorphin macrocy@s)(
the carbonyl group at 17c is disconnected from the chro- Consequently, the energy splitting between these two sets
mophore because the six-membered ring is not yet closed,of orbitals increases fromykpto Fsgq, leading to the observed
and a model compound which has the fivesR bonds of blue shift of the hydrocorphin-centered— x* transition
the tetrapyrrole but lacks the conjugated carbonyl gr&dp ( that produces the dominant absorption feature [corresponding
The biosynthetic precursor and the model compound would to the HOMO— LUMO transition (i) of F3q see Figures 9
be expected to exhibit UMvisible spectra similar to that of  and 10]. Importantly, the energetic proximity of the Ni 3d-
Fs30 Indeed, these complexes display absorption bands atbased occupied MOs and the hydrocorpiitrbased unoc-
approximately 300 and 350 nm similar to those afoF cupied MOs in Bgpalso leads to the occurrence of numerous
However, the precursor and model complex exhibit an Ni 3d — hydrocorphinz* CT transitions in the visible
additional, considerably more intense band at 427 and 418near-IR region that are particularly intense in the corre-
nm, respectively, which are shifted by only 3 and 12 nm, sponding MCD spectrun®f). On the other hand, in the case
respectively, from the dominantdp absorption feature. We  of Fs3q the shortening of the conjugatedsystem due to
speculate that reduction of the carbonyl group and the the ring reduction accompanyingigt — Fs3zo conversion
associated change in hybridization at C17 upon conversiongives rise to a direct increase in the energy separation
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between the hydrocorphin-based occupied and*-based MOs, thereby leading to an increase in the energy of the

unoccupied orbitals involved in the dominant electronic dominant hydrocorphin-centered— x* transition.

transition, while the Ni 3d-based MOs remain largely

unperturbed and thus too low in energy to participate in ACKNOWLEDGMENT
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spectroscopy is not necessarily suited to discrimination

between metal-centered and ring-centered reduction in thisSUPPORTING INFORMATION AVAILABLE

coenzyme. Thus, it appeargd to b_e reasonable to i_nterpret Reversion of Baoto Fasoas a function of pH (Figure S1),

the.spgctr.al changes associated W",ﬂ“bp Fsg0 CONVErsion . reversion of kg to Fa30 as a function of time (Figure S2),

as indicating a two-electron reduction of the hydrocorphin |\, _yisiple spectra used to verify the presence af Before

ring coupled to Ni(ll)= Ni(l) reduction. However, our MS 5,4 ater MS analysis (Figure S3), PIM MS spectrum of the

data presented in this paper along with recently published single charged region of,kin D,O (Figure S4), assignment
results from electrochemica4) and combined spectroscopic ¢ ihe one- and two-dimensional NMR spectra gfoFtwo-

and computational 25) studies now provide compelling dimensional'H—!H COSY spectrum of koo recorded in
evidence that ko and kgo merely differ by one electron, D,O (Figure S5), anéH NMR spectrum of b (Figure S6)
both possessing a nativelike hydrocorphin macrocycle. and Fao (Figure S7) recorded in O at 25°C. This material
is available free of charge via the Internet at http://

CONCLUSIONS

Reduction of k3o with sodium borohydride (NaBH elicits
a 100 nm blue shift in the absorption spectrum to generate
a coenzyme form that we calkf. To study this novel form
of coenzyme I, we have used a wide range of spectro-
scopic methods (UVvisible, NMR, X-ray absorption, MCD,
and RR), MS, and computational chemistry. MS studies
directly demonstrate reduction of the corphin ring system
by identifying the incorporation of one nonexchangeable
protium (or deuterium) whensky is generated with NaBH
(or NaBDy). One- and two-dimensional NMR studies identify
the site of reduction as the exocyclic ketone group adjacent
to ring D of the tetrahydrocorphin (C17c according to the
labeling of Figure 1). X-ray absorption, MCD, and compu- 5
tational studies reveal that the two-electron reduction of the
tetrahydrocorphin ring to form 45 results in a spin-state
change in the metal ion from high- to low-spin Ni(ll) and
rule out the possibility of an associated reduction of the metal
ion. On the basis of RR studies, reduction of the hydrocor-
phin ring to eliminate ther-bond at C17c increases the
overall 7-bond order in the conjugative framework. It was

proposed that generation ofgrinvolved both a metal and 8.

a ring-centered reductior2®); however, subsequent work
provided strong evidence that conversion @fofs to Fsso

involved only reduction of the metaR4). Recent spectro- 9.

scopic and computational worR%) and the mass spectro-
metric results described here demonstrate that reduction of
Fa30 with Ti(lll) citrate to generate fgo (corresponding to
the active red1 state of MCR) results in reduction of the Ni-
(11) to Ni(l) but does not result in tetrapyrrole ring reduction.
Computational data trace different origins of the significant
blue shifts in the UV-visible spectra for both ring reduction
(in Fs30) and metal center reduction (inzdg). For Fsso
formation, it is the shortening of the conjugateesystem
relative to B3 that directly increases the energy separation
of the hydrocorphint (HOMO) — x* (LUMO) transition
responsible for the dominant electronic transition. On the
other hand, for ko, the decrease in the formal oxidation
state of Ni (from+2 to +1) causes the occupied Ni 3d-
based MOs to shift above the hydrocorphibased frontier

0
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