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Abstract: The two available crystallographic structures of cobalamin dependent enzymes, the 27 kDa fragment of
the methylcobalamin-dependent enzyme, methionine synthase Hsoherichia col[Drennan, C. L. et alScience

1994 266, 1669] and the 5deoxyadenosylcobalamin-dependent enzyme methylmalonyl-coenzyme A mutase from
Propionibacterium shermaniMancia, F. et alStructure1996 4, 339], show striking similarities despite the differences

in reaction mechanism. In particular, the 5,6-dimethylbenzimidazole group is detached and replaced by a histidine
group of the enzyme. Here we present an analysis of Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopic data for both-8eoxyadenosylcobalamin and aguocobalamin bound to methylmalonyl-coenzyme A
mutase in the absence of substrate. The analysis is conducted with a suite of programs called AUTOFIT 1.0 [Chance,
et al. Biochemistryl996 35, 9014], which allows an evenhanded comparison of the goodness-of-fit of the EXAFS
data to a varied grid of simulations based on &heinitio EXAFS code FEFF 6.01. The X-ray edge data indicate

an increase in effective nuclear charge of the metal ion of the enzyme bbtdedXyadeonsylcobalamin compared

to the corresponding free cobalamin, and the EXAFS results show small decreases in equatorial and no significant
change in the CeC bond length (despite the potential elongation of the-8¢His) bond) upon cofactor binding

to the enzyme. Thus, the change in coordination of the nitrogenous axial ligand engineered by the enzyme does not
significantly contribute to drans effect in the ground state. Weakening of the-@® bond must be initiated by
substrate binding. In addition, the global mapping technique resolves discrepancies between previous EXAFS results
and crystallographic data on aquocobalamin.

Introduction functional differences. In both cases the 5,6-dimethylbenzimi-
) dazole (DMB) group is detached from the Co atom, is moved
Methylmalonyl-coenzyme A (M-CoA) mutase is a member nio a deep pocket in the enzyme (providing much of the
of a group of enzymes that catalyzes rearrangement reactiong;ofactor binding surface), and is replaced by a histidine group
on adjacent carbon atoms utiIizing@eoxyadenosylcobalamin of the enzyme ¢-subunit residue H610 in the case of M-CoA
(AdoCbl) as a cofactor (for a review on AdoCbl-dependent mutase). Since the binding of the cofactors are so similar, it
enzymes, see: Babior, 1988jnke, 199¢; and Banerje, 199Y. begs the question as to what mechanistic factors govern the
The crystal structure of thé>. shermaniienzyme, which  itferential Co-C cleavage in these two systems. The crystal-
catalyzes the reversible isomerization of methylmalonyl-CoA lographic structures raise more questions than they resolve on
to succinyl-CoA?* has been recently solved in the presence of {hege points. For example, examination of the MeCbl cofactor
the substrate fragment, desulfo-CBAThe structure shows  in the methionine synthase structure3a resolution, cannot
important similarities to the methylcobalamin-(MeCbl-)depend- accurately reveal small, but functionally relevant changes in
ent enzyme methionine synthase frdin coli” despite the  pong lengths with respect to the free cofactor since the rms
* Authors to whom correspondence should be addressed at the Albert dequtlons of the bond Iengt_hs are on the order of 0.3 A'-
Einstein College of Medicine of Yeshiva University. Phone: 718-430-4136; This is, of course, less precise than bond length data available
Fax: 718-430-8819; e-mail: mrc@aecom.yu.edu or University of Nebraska, from small molecule crystallography or extended X-ray absorp-
Ph|°2§& 402-472-2941; Fax: 402-472-7842, e-mail: rbanerje@unlinfo2. tion fine structure (EXAFS) spectroscopy. The M-CoA mutase
unT.Abb.reviations. M-CoA, methylmalonyl-coenzyme A; EXAFS, extended COfaCtO.r structure shows a very I.on.g €N,(HIS) bond (2.53
X-ray absorption fine structure; XAS, X-ray absorption spectroscopy, A), but it was collected on a protein in which the cofactor was
AdoCbl, 3-deoxyadenosylcobalamin; MeCbl, methylcobalamin; AqCbl, in a mixture of oxidation states (Co(ll) and Co(lll)-aquo), both
aquocobalamin; DMB, 5,6-dimethylbenzimidazole, ENC, effective nuclear inactive. Moreover, the adenosyl moiety was missing, leaving

charge. .
® Abstract published i\dvance ACS Abstract§ecember 1, 1997. the question open as to what happens to the Cand Co-
(1) Babior, B. M.BioFactors1988 1, 21—26. N(His) bonds in the active AdoCbl/M-CoA mutase complex.

(2) Finke, R. G. inMolecular Mechanisms in Bioorganic Processes i i indi _
Royal Society of Chemistry: Cambridge, UK, 1990: pp 2279, Is the Co-N(His) distance long as indicated by the crystal

(3) Banerjee, RChem. Biol.1997, 4, 175-186. lographic result or is it unaffected relative to the free cobalamin
(4) Eggerer, H.; Overath, P.; Lynen, F.; Stadtman, EJRAm. Chem. forms in the absence of the substrate? How is the Cdond
Soc.196Q 82, 2643-2644. affected? The global mapping technique is capable of address-
(5) Retey, J.; Lynen, Biochem. Biophys. Res. Commui64 16, 358— . g ppIng . 4 P .
361, ing such questions by analyzing a large array of simulated
(6) Mancia, F.; Keep, N. H.; Nakagawa, A.; Leadlay, P. F.; McSweeney,
S.; Rasmussen, B.; Boesecke, P.; Diat, O.; Evans, Btridcture1996 4, (7) Drennan, C. L.; Huang, S.; Drummond, J. T.; Matthews, R. G;
339-350. Ludwig, M. L. Sciencel994 266, 1669-1674.
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structures in an evenhanded fashion. The focus of this study iscalibration channel was set up to detect the spectrum of a cobalt foil

the structure of AdoCbl bound to M-CoA mutase compared to
the free cofactor structure.

Additionally, we have successfully used the global mapping
technique to explain earlier discrepancies between EXAFS an
crystallographic results. Our earlier EXAFS data on free
aquocobalamin (AqCbishowed a long CeN(DMB) distance
at 2.15 A in disagreement with a recent high resolution crystal
structure by Kratky et &.which shows a short CoN(DMB)

simultaneously with all sample spectra. This calibration channel
provided a reference for the energy calibration of the sample spectra.

The experimental data were manipulated using a PC based version

dof the AT&T Bell Labs EXAFS package on an IBM compatible

computer with math coprocess8r. Sharp glitches caused by non-
statistical events were removed before further data processing by fitting
a polynomial in the appropriate region. Data manipulation with use
of a linear pre-edge fit, cubic polynomial spline background (isolated
atom) substraction, wavevector cubed weighting, Fourier transformation,

distance at 1.92 A. We have recollected the data and analyzedilter, and back-transform have all been described previctsk.
them using the global mapping method. Those data are alsoFourier filtered and unfiltered data were analyzed with the program

presented and compared to additional data on the AqCbl/M-
CoA mutase complex.

Materials and Methods

Model Compounds. AdoCbl and AqCbhiHCI were purchased from
Sigma. An 8 mM AdoCbl solution sample was prepared in a mixture
of 75%:25% glycerol:water. AgCbl was first recrystallized as a
perchlorate salt based on the method described by Kratky aad,
an 8 mM solution sample was prepared in 75%:25% glycerol:water.

Enzyme Sample Preparation. The M-CoA mutase was first
purified in the apoenzyme form and then reconstituted with either
AdoCbl or AqChl, and finally the free cofactor was separated from
the complex by FPLC as described earlerThe final concentration
of the enzyme was-1 mM as determined spectrophotometrically. The
conditions resulted in-1 mol AdoCbl bound per mol of heterodimer.

AUTOFIT (v. 1.0) as described earli€using an automated refinement
procedure. AUTOFIT utilizes thab initio X-ray absorption code
FEFF(v. 6.01)"8 to calculate the theoretical amplitude and phase
functions. The starting structure for the calculations is generated using
the molecular modeling package Chem-X (Chem-X is developed and
distributed by Chemical Design Ltd., England). The structure is then
altered in AUTOFIT, and an input file is generated for the FEFF
calculations. Inthe FEFF input file only a few parameters are adjusted,
such as the amplitude reduction fact&?( and the number of scattering
paths (NLEG). The Debye-Waller parameters can be either disabled
in FEFF in order to be adjusted during the fitting procedure or can be
calculated in FEFF in which case they are kept fixed during the fitting
procedure. Specifically, the atoms to be used in the simulation
(generally 25-30 in number) for the corrin compounds are evaluated
by FEFF in an initial plane wave approximation for up to five scattering
“legs”, and the amplitudes of those individual paths are calculated. Any

All samples for the EXAFS studies were transferred to a sample holder, contribution that is less than 2.5% of the major contribution (pyrrole
sealed with Mylar tape, and frozen in liquid nitrogen. An optical nitrogen single scattering) is excluded from the final simulation.
spectrum was taken before and after exposure to the X-ray beam for The use of multiple scattering paths provides one of the particular
both enzyme and model compound samples. In each case, no changeadvantages dib initio codes. In these simulations, due to the complex
were observed indicating that no detectable sample damage hadring structures involved, multiple scattering is quite important. In all

occurred.

Data Collection and Analysis. The XAS data were collected at
the National Synchrotron Light Source (NSLS), Brookhaven National
Laboratory (Upton, NY), on beamline X-9B using a sagittally focused
Si[111] crystal monochromator. Approximately 4 mrad of bending
magnet radiation (horizontal divergence) was focused orx&Imn?
spot, the monochromated photon flux was 20! photons s* at 100
mA beam current. A Ni mirror at an angle of 4.5 mrad was used to
reject higher-order harmonic contamination. All experiments were
carried out at 150 K in a closed cycle He cryostat under vacuum.
EXAFS data were collected with 0.05 Astep sizes ik space starting
at 1 A photoelectron energy. The signal averaging was weighted
with respect tdk, so that 2 s per point was usedkat= 1 and 13 s per
point was used &= 13. Below 1 A data were collected by counting
at a specific energy fol s and incrementing the energy by 10 eV
from 100 eV below the cobalt edge to 20 eV below the edge and then
in 2.0 eV steps up to 1 A with 2 s per point signal averaging. Edge
data were collected in three regions: from 100 to 20 eV below the
edge position with 10 eV steps @l s per point signal averaging,
then from 20 eV below the edge to 20 eV above the edge with 0.5 eV
steps ad 3 s per point signal averaging, and finally from 20 to 150 eV
above the edge with 1 eV stepsda® s per point signal averaging. A
total of three to five edge scans were recorded for all samples. Six
AdoCbl and AgChbl, and 1520 AdoCbl/M-CoA mutase and AqCbl/
M-CoA mutase EXAFS scans were collected. To reduce the possibility

of sample degradation, several independently prepared samples werg,
measured for each compound. In addition, the X-ray beam was moved

cases, up to five scattering paths are utilized for all atoms (e.g., for
only single scattering, NLEG is set to a value of 2). Itis well-known
that for corrin or pyrrole rings, a number of atoms (particularly the
central metal, pyrrole nitrogens,,Cand G) form line of sight
orientations near enough to linear so that the overall multiple scattering
contribution is on a par with the most significant single scattering paths.
This is most dramatic when the metal atom is approximately in the
mean plane of the corrin ring, as is the case for all these simula-
tions1>1619 Thus, these multiple scattering paths are critical for
correctly simulating complex ring systems of this type. If individual
single and multiple scattering paths are examined, it is clear that the
contributions of the pyrrole ring scattering, as a whole, provide the
predominant contribution to the EXAFS spectrum, and thus the
scattering of the pyrrole carbons as well as the coordinated nitrogens
is critical in determining the metabyrrole nitrogen distanc®. In these
simulations, when the pyrrole nitrogens are moved, the associated
coordinated carbon atoms are moved with them, as a unit.

The simulatede weightedy(k) data is Fourier filtered to produce
the amplitude and phase functions. An identical Fourier filter window
(or raw data when the window includes all the data) is used for both
the experimental data and for the theoretical standards. After Fourier

(11) Cramer, S. P.; Chen, J.; George, S. J.; van Elp, J.; Moore, J.; Tensch,
O.; Colaresi, J.; Yocum, M.; Mullins, O. C.; Chen, C. Nucl. Instrum.
Methods A1992 319 1-3, 295-289.

(12) Scheuring, E. M.; Sagi, |.; Chance, M. Biochemistryl994 33,
10-6315.
(13) Chance, M. R.; Powers, L.; Kumar, C.; Chance BBchemistry

on the samples to a fresh spot after each scan thus further minimizing 1986 25, 1259-1265.

the exposure time, and optical spectra were examined after XAS data

(14) Chance, M. R.; Powers, L.; Poulos, L.; Chance BBchemistry

was collected and no detectable sample damage was observed. Dat&986 25, 1266-1270.

were generally taken in the range of 25260 mA beam current. Ke
cobalt fluorescence was detected using a 13 element energy resolvin
Ge detectot! The internal count rates were kept at or less than 30 000

(15) Chance, M. R.; Parkhurst, L.; Powers, L.; Chancel.Biol. Chem.
1986 261, 5689-5692.

g (16) Chance, M. R.; Miller, L. M.; Fischetti, R. F.; Scheuring, E.; Huang,

W.-X.; Sclavi, B.; Hai, Y.; Sullivan, M.Biochemistry1996 35, 9014—

per second per channel to avoid saturation effects in the detector. A9023.

(8) Sagi, I.; Chance, M. Rl. Am. Chem. S0d.992 114, 8061-8066.

(9) Kratky, C.; Farber, G.; Gruber, K.; Wilson, K.; Dauter, Z.; Nolting,
H.-F.; Konrat, R.; Krautler, BJ. Am. Chem. S0d.995 117, 4656-4670.

(10) Padmakumar, R.; Taoka, S.; Padmakumar, R.; Banerjek,ARn.
Chem. Soc1995 117, 7033-7034.

(17) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, RJ.C.
Am. Chem. Sod 991 113 5135-5140.

(18) Rehr, J. J.; Albers, R. C.; Zabinsky, SPhys. Re. Lett. 1992 69,
3397-3400.

(19) Chance, M. R. Ph.D. Thesis, University of Pennsylvania, 1986;
Chapter 2.
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filtering the theoretical data are fit to the experimental dategpace mutase complex is observed at 7722:80.2 eV (data not
by a one-atom type fitting procedure fixing the distanceand the shown). This edge position is G-3.0 eV higher than the
coordination numberN) and letting the threshold enerdg and in observed transition for free AdoCbl (77220.3 eV), indicative
some cases the Deby®Valler factor,0?, to float. The goodness of fit of a more positive ENC for the cobalt ion for the enzyme as
Is given in the form of the residual sum squared compared to the free cobalamin form. By way of comparison,
_ _ 2 the AqCbl/M-CoA edge data shows little or no shift (0t0.5
ZRZ B Z'{(k3 Tesperimetai™ (K 2Lsimuaiod @) eV) with respect to the edge position of free AqChl (7723.5

The error analysis is performed based on methods describedev)' . .
earlier?®?! We have recently modified the equation describing the We have successfully used edge data In thg past t'o prov!de
acceptance range of a particular paraméteAccording to that, the @ better understanding of enzyme-mediated interactions with

error limit of a parameter is reached when the corresponding sum of cobalamin cofactors. In the case of the corrinoid protein from

residual square increases to Clostridium thermoaceticunthe enzyme-bound cofactor in all
three oxidation states exhibited an EN@er (by 0.5-1.0 eV)
szminimum [1 + (N/Ngp)] ) than the corresponding free cobalarfid* The corrinoid

_ o _ protein utilizes a heterolytic cleavage mechanism for scission
whereN; is the number of fitting parameters ahg is the number of  of the cobalt-carbon bond and forms Co(l) and a methyl cation
degrees of freedom of the EXAFS data calculated by the known formula equivalent (this is not a discrete intermediate). We have
speculated that the change in ENC in those cases are the result
of electron density transferred from the protein, corrin, and/or

For each analysis hundreds of structures were generated by varyingMethy! group to the cobalt center making the methyl group more
two distance parameters at a time and after the FEFF calculations eactelectrophilic to facilitate the nucleophilic attack by a methyl
simulated EXAFS spectrum is compared to the experimé@tatiata, group acceptor on carbon monoxide dehydrogefadeor the
and all fitting results are recorded in a single file. Due to the excessive M-COA mutase, which operates via a homolytic cobatirbon
demands on computer time, the three important distances are notbond cleavage mechanism, a very different behavior is observed.
simulated simultaneously using a large number of distance values. Forin this case, the native enzyme exhibits an increased ENC on
example, for ten individual distances for each of three liganded atom the cobalt compared to the corresponding free AdoChl cofactor.
types, this requires £Gsimulations (1000); this is a reasonable limit.  Ajthough an increase in ENC occurs in the transition from base-
Thus, three atom simulations with a limited number of distances are on to base-off cobalamin specisthe change in ENC is not

examined to account for unusual cross correlation of parameters. Dueconsistent with such a transition in this case (see below)
to the significant contribution of the four pyrrole rings, and the fact '

that they are moved as a group, any simulation that moves these atoms In the analysis of the EXAFS SPECtra for the free Cofactqrs
more than 0.05 A away from the canonical values of ca. 1.90 A (for and the enzyme complexes, starting structures for FEFF sim-
corrin rings) are entirely unreasonable from the standpoint of both sum- ulations based on small molecule crystallographic data were
of residuals squared and comparison of the raw EXAFS data to the selected as follows. For the FEFF simulations and the analysis
simulations. Thus, we can safely find a minimum distance for the of the EXAFS data for the free cofactors we have used the
average pyrrole nitrogen distances in trials versus one fixed and onecrystallographic data of Lenhétt(AdoCbl) and of Kratky et
varied axial Iigaqd distan(_:e. _Invaria_bly, the minimum dis_tange found g9 (AqChl), deleting all data beyah5 A from the Co atom.

for. th_e pyrrole nltr_ogens is V|rtua!ly |dentlcgl f(_)r all combinations of  The simulations for the model compounds provide important
axial ligands examined, due to their dominating influence on the spectra. controls for the global mapping analysis; they show that the

The final results are presented in black and white 3D contour plots . . - .
in which they R? values are represented as shaded gray or black spotsEXAFS spectra provide solutions consistent with the small

as a function of two distance parameters shown in Figures 1a,b, 2a,b,l0lecule data as well as the possibility for multiple solutions.
3a,b, and 4a,b. The darker the spot the smalleistRevalue. White For the FEFF simulations and the analysis of EXAFS data from

areas represent fitting results wiiiR?2 values higher than the listed  the M-CoA mutase complexes we have used modified crystal-
numbers. Additional to th&R? criteria, only those minima with lographic coordinates of the free cofactors alsoap & from
reasonableAE, and Ao? values AE; < 10 andAo? < £0.01) are the Co atom. We have appropriately altered the structure of
accepted as possible solutions. In practice, Alig and Ao® values the free cofactors based on the knowledge that histidine residue
were all in the range of-6 and+4 x 107%, respectively. H610 from thea-subunit of the enzyme and not the DMB group
is connected as the sixth ligand to the Co afoth.All atoms
of the DMB group were cut except that of the imidazole ring
We have analyzed X-ray absorption edge and EXAFS data which fully represents Hf$10 of the mutase since no additional
of both AdoCbl and AqChl in free form and bound to M-CoA atoms of the enzyme, other than that of the imidazole group,
mutase. The X-ray edge, defined as the major peak in the firstare present witlmi 5 A from the cobalt ion. We assumed the
derivative spectra, shifts due to a combination of factors such same orientation for the histidine ligand as for the DMB ligand
as oxidation state changes and electron donating or withdrawingin the free cofactor and did not alter the corrin ring prior to the
influences of ligated aton®@. We define the term effective  simulations. The FEFF parameters were set as follo®3=
nuclear charge (ENC) to describe the net result of these 0.85 (values between 0-8.0 are empirically set, 0.85 works
effects?324 As the ENC increases (becomes more positive), satisfactorily for all types of cobalt corrin simulat®h NLEG
the promotion of core electrons to bound or unbound states is= 5; the Debye-Waller parameters were set to 4 (temperature)
more difficult, and thus the edge transition is observed at a and 1500 (Debye temperature) for all simulations and kept fixed
higher energy. The edge position for the AdoCbl/M-CoA during the fitting procedure. The above Debye-Waller param-
eters, selected based on earlier studies on porphyrin m&dels,

Ny = (2 x Ar x AK)lx 3)

Results and Discussion

(20) Lytle, F. W.; Sayers, D. E.; Stern, E. Rhysica B1989 158 701.

(21) Powers, L.; Kincaid, B. MBiochemistry1989 28, 44614468, provided reasonable® values (14 x 10°°) and reflected the
(22) wirt, M. D.; Sagi, |.; Chen, E.; Frisbie, S. M.; Lee, R.; Chance, M. larger thermal disorder of the adenosyl moiety with respect to
R.J. Am. Chem. Sod99], 113 5299-5304. the N ligands. This is in agreement with our earlier EXAFS
(23) Wirt, M. D.; Kumar, M.; Ragsdale, S. W.; Chance, M. R.Am.
Chem. Soc1993 115 2146-2150. (25) Lenhert, P. GProc. R. Soc1968 A303 45—-84.

(24) Wirt, M. D.; Kumar, M.; Wu, J.-J.; Scheuring, E. M.; Ragsdale, S. (26) Scheuring, E. Ph.D. Thesis, Albert Einstein College of Medicine
W.; Chance, M. RBiochemistryl995 34, 5269-5273. of Yeshiva University, 1995; p 186.
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Figure 1. (a, top) The 3D contour plot of the AdoCbl/M-CoA simulation varying the-Gly distances from 1.87 to 1.97 A and the -€d(His)

distance from 2.03 to 2.63 A, leaving the €6 bond unchanged at 2.0 A. This simulation provides a stable minimum for thélGalistance at

1.894+ 0.01 A. The simulations provide two possible minima for the-GigHis) distance at 2.13 and 2.45 A. (b, middle) 3D contour plot varying

the Co-N(His) distance from 2.03 to 2.63 A and the €6 distance from 1.90 to 2.3 A, leaving the €leq bond unchanged at the minimum
distance found at 1.89 A. The best minimum with a-@4(His) distance of 2.45: 0.05 A and Ce-C distance of 1.94t 0.05 A is supported by

both RR and crystallographic data. (c, bottom) The simulated EXAFS data of the three minima from part 1b compared to the unfiltered experimental
k® ydata of the AdoCbl/M-CoA mutase complex (see text for details).

results on the free AdoCbl which showed higlévalues for represented by Figures 1a, 2a, 3a, and 4a. Wide windows were
the axial C ligand than for the axial and equatorial N ligaffds.  selected for any simulation where the corrin ring equatorial
The Fourier filter window for the models and for the experi- nitrogens were varied, so that the single and multiple scattering
mental data were set from 0.8 to 2.8 A for the fits represented contributions for all carbons of the pyrrole rings were included
by Figures 1b, 2b, 3b, and 4b and from 0.8 to 4.8 A for the fits n the simulations. For Figures 1b, 2b, 3b, and 4b, where only
(27) Sagi, I.; Wirt, M. D.; Chen, E.; Frisbie, S. M.; Chance, M. R. the axial ligands were varied, narrowing the window emphasized
Am. Chem. Sod99Q 112, 8639-8644. the axial ligand contributions relative to the entire simulations.
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Figure 2. (a, top) and (b, middle) 3D contour plots of the free AdoCbl simulations. In Figure 2b the minima with the lerig(CbIB) distances

are artifacts of the EXAFS simulations and can be rejected based on the crystallographic data. (c, bottom) The simulated EXAFS data of the two
minima with the best fitting results compared to the unfiltered experimédtadata of free AdoCbl (solid line: experimental data; dotted line:
simulation with Ce-Nax = 2.19 A and Ce-C = 1.99 A; dashed line: simulation with €GN = 2.39 A and Ce-C = 2.23 A).

For AdoCbl we calculated that up 8 A the sum of the single  narrower window. In the case of AqCbl, with the window to
and multiple scattering contributions from the corrin ring equals 3 A, the corrin contribution equals 78.5%, the axial DMB
82.5%, from the axial DMB equals 9.0%, and from the axial contribution equals 10.5%, and the axial oxygen contribution
carbon equals 8.5% of the total EXAFS signal. Up to 5 A, equals 11%. Examining the scattering out to 5 A, the equatorial
with the inclusion of single and multiple scattering from C  ligand contributes 82.5%, the DMB group contributes 12%, and
and the methine carbons, the contribution of the corrin is still the axial O contributes only 5.5% to the overall EXAFS signal.
83%, while the contribution from the axial DMB group equals In this case, the narrower window increases the contribution of
10%, and the adenosyl moiety contributes 7%. Thus, the signalthe axial oxygen by a factor of 2, while the difference in the
from the carbon axial ligand is 1.2 times greater with the case of the carbon axial ligand is less but significant. Thus,
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Figure 3. (a, top) The 3D contour plot of the AqCbl simulations varying the-GDMB) distance from 2.03 to 2.63 A and the €ble, distance

from 1.85 to 1.95 A, leaving the Co-O bond unchanged at the crystallographic minimum of 1.95 A. This simulation provides two possible minima
for the Co-N(DMB) distance from which the shorter one is supported by the crystallographic data of Kratk§/(bt atiddle) Simulation of the

Co-0 and Ce-N(DMB) distances for free AqCbl provides a well resolved minimum with aG¢DMB) distance of 1.8% 0.02 A and a Co-O
distance of 1.97+ 0.02 A in agreement with the crystallographic solution of Kratky et @, bottom) The simulated EXAFS data with the
minimum shown in Figure 3b compared to the unfiltered experiméfjalata of free AqCbl (solid line: experimental data; dotted line: simulation).

we used two different Fourier-filter windows for the data
analysis, a wider window (0:84.8 A) to extract the CeNeq
distances and the smaller window (688 A) to extract the
Co—axial ligand distances. All data were fit lnspace from
3.0to 12.0 AL

To analyze the structure of the AdoCbl/M-CoA mutase
complex, first the Ce-Neg and the Ce-N(His) distances were

varied keeping the CeC distance at 2.0 A. Figure 1a
represents the 3D contour plot of these simulations showing
only one possible solution for the Edeq distance at 1.8%
0.01 A. The Ce-N(His) bond has two minima, one at about
2.15 A and another at around 2.45 A. Alternate simulations,
where the Ce-Ngq distances and CeC were varied, also
provided the same value for EMNeq (not shown). The next
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Figure 4. (a, top) The 3D contour plot of the AqCbI/M-CoA simulations varying the-GigHis) distance from 2.03 to 2.63 A and the €Neq

distance from 1.85 to 1.95 A, leaving the Co-O bond unchanged at the crystallographic minimum of 1.95 A. This simulation provides three possible
minima. (b, middle) 3D contour map produced by varying the-Gi¢His) and Co-O distances keeping the-@ distance at 1.91 A. There are

three well resolved minima with a GaN(His) distance of 2.1 0.02 A and Co-O distance of 1.95 0.02 A (SR 16), another minimum at a
Co—N(His) distance of 2.49 0.02 A and Co-O distance of 1.9% 0.03 A CRZ 16), and finally a third minimum at a GeN(His) distance of

2.454 0.05 A and Co-O distance of 2.260.05 A (FR% 14). (c, bottom) The simulated EXAFS data with the three minima shown in Figure 4b
compared to the unfiltered experimeni@ldata of the AqCbl/M-CoA complex (solid line: experimental data; dotted line=-@His) = 2.17 +

0.02 A and Co-O= 1.95+ 0.02 A; dashed line: CeN(His) = 2.494+ 0.02 A and Co-O= 1.97 + 0.03 A; and solid line with open triangles:
Co—N(His) = 2.454 0.05 A and Co-O= 2.254+ 0.05 A).

step was to vary the CeN(His) and the Ce-C bond distances  analysis. (Figure 1c shows the simulated EXAFS data at these
keeping the CeNeq distance at the previously determined three minima compared to the unfiltered experimental data (solid
position of 1.89 A. Figure 1b represents the solutions for these line)). The three minima are (i) at a EN(His) distance of
simulations. Three separate minima can be distinguished, and2.134 0.04 A and a Ce-C distance of 1.97 0.05 A with a

all are within an acceptable fitting range based on our error $R? value of 35.4 (dashed line in Figure 1c), (ii) at a-€o
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N(His) distance of 2.4% 0.05 A and a Ce-C distance of 1.94
+ 0.05 A with aSR? value of 30.4 (triangles), and (iii) at a
Co—N(His) distance of 2.4% 0.04 A and a Ce-C distance of
2.20 + 0.06 A with aYR? value of 31.6 (dotted line). For

J. Am. Chem. Soc., Vol. 119, No. 50, 1992199

fine coupling constants~{19 Gauss) are comparable for the
free®® and enzyme-bound Cob(#. In essence, the EPR data
of the Co(Il)/M-CoA species do not provide evidence for a
weaker interaction. Additionally, the optical spectra for free

comparison, Figure 2 shows the comparable fitting results for and enzyme-bound AdoCbl have absorption maxima at 525 nm,

free AdoCbl. In Figure 2a, a minimum is seen at a—Glyq
distance of 1.9 0.01 A, a Ce-N(DMB) distance of 2.19+
0.03 A, and a CeC distance of 1.98 0.05 A in agreement
with our earlier EXAFS analysi$ and with crystallographic
data?52829 As Figure 2b shows, there are two other minima

diagnostic of a six-coordinate species with a nitrogen axial
ligand. The long axial distance might be expected to induce a
blue shift toward the spectrum of base-off AdoCbl which has
an absorption maximum at 460 rih.In summary, the EXAFS
finds the most likely solution at the longer cobattitrogen axial

both of which can be rejected based on the crystallographic data,distance as suggested by the crystallographic results, but the

but one of them, the minimum with the long €b/(DMB) and

shorter distance cannot be ruled out. The other available

Co—C distances, cannot be rejected based on EXAFS alonespectroscopic evidence provides no evidence of the weak

(Figure 2c shows the best two simulations from Figure 2b
compared to the experimental data of free AdoCbl). The

interaction between the nitrogen and the cobalt implied by a
longer distance of 2.43 A. However, the crystal structure is of

presence of these additional solutions is not surprising; it is the an enzyme in which substrate fragment is bound.
consequence of the distance dependence of the phase of the Using the global mapping technique we have also analyzed

sinusoidal EXAFS oscillation. Such multiple minima are
precedented and we have recently shown their existence in
the analysis of photolyzed carbonmonoxy myogloBiBased

data of both the free and enzyme bound AqCbl. Recent high
resolution crystallographic d#tahallenged our earlier EXAFS
resul on free AqChl with respect to axial nitrogen distance,

on the EXAFS data we see a small contraction of the equatorial while the Co-O and CoNeq average distances were in agree-

plane, at the limit of the error analysis, for the AdoCbl cofactor
upon insertion into M-CoA mutase. For the axial ligand
distances the best fif(RZ2 = 30.4) provides a long CeN(His)
(2.45+ 0.05 A) and a slightly shorter GeC distance (1.94-
0.05 A) than in free AdoCbl (1.98 0.05 A).

Changes in ENC of the metal atom may influence the bond
lengths, the canonical trans effect for cobalamins is the
lengthening of the bond distance from cobalt to the DMB
nitrogen in the comparison of MeCbl and AdoCbl versus
AQChbl 2282931 We have previously shown that the ENC for
alkylcobalamins is lower relative to AqCBl,in fact having an
X-ray edge position close to cob(l1):B(which is shifted—1.5
eV relative to AqCbl). The lowered ENC influences the
nitrogen of the DMB ligand, making it a poorer base, resulting
in a weaker coordination. In the case of AdoCbl/MMCoA

ment. In addition, solution NMR data was interpreted as being
consistent with the crystallographic data and inconsistent with
our results’® We have recollected the data on the perchlorate
salt used by Kratky et & Our analysis, represented in Figure
3a, shows two minima for the GeN(DMB) distance, one at a
short Co-N(DMB) distance of 1.85: 0.03 A with a3 R? value

of 69.0 and at a longer distance of 2.£70.04 A with ayR?
value of 67.2. The first solution is slightly shorter but very
close to the crystallographic data (1.22.02 A). The second
solution with the longer CoN(DMB) distance provides the
better fit with a smalley R? value. This graphically illustrates
why our previous results, based solely on a first shell Fourier-
filter analysis, emphasized the longer distance. Variation of
the Co-O and CoN(DMB) distances for free AqCbl (shown

in Figure 3b) provides a well resolved minimum with a-€o

mutase complex, we see a small increase in ENC (relative to N(DMB) distance of 1.8%+ 0.02 A and a Co-O distance of

free AdoCbl) in the resting enzyme, which is not expected in
the case of a significant lengthening of the bond to the axial

1.97+ 0.02 A in agreement with the crystallographic solution
of Kratky et al? with a Y R? value of 32. This simulation is

base. The small decrease in the average distance from cobalshown compared to the experimental data in Figure 3c. An
to the corrin equatorial nitrogens is consistent with the increased additional minimum can be seen in Figure 3b with long a Co-O
ENC. Yet, these comparisons to the free cobalamins presumebond which can be rejected by the crystallographic result. The
an understanding of the bascisity of the histidine ligand provided improved global mapping technique reveals that multiple
by the enzyme. Strong hydrogen bonding to the remote nitrogensolutions are possible based solely on the EXAFS data. This
of the coordinated histidine imidazole would increase the analytical method also has the advantage of a significant excess
basicity (making the nitrogen more negative) and reduce the of free parameters versus fitted parameters, while the Fourier
distance from cobalt to the imidazole nitrogen as in peroxidasesfiltered first shell data analysis had only a small excess of free
compared to myoglobin$:14 Absence of hydrogen bonding  parameters versus fitted parameters. This result provides
would presumably increase the €Naxia distance. confidence that the EXAFS solutions can be utilized effectively;

In the cob(ll) oxidation state, interactions between the Co however, they do indicate that distinctions between mathemati-
and the axial nitrogen atom can be observed by EPR spectroscally equivalent minima must sometimes be made and that
copy. In solution, the hyperfine coupling constant increases additional information are necessary in making those choices.
from ~110 Gauss (base-on Cob(ll)) to 4060 Gauss (base- Figure 4a,b represents an analysis of the AqCbl/M-CoA
off Cob(ll)) as the lower nitrogen ligand is removed by |utase complex varying the €Meg, Co—N(His), and Co-O.
protonation*3* In methylmalonyl-CoA mutase, the hyperfine  The analysis provides only one minimum for the -Nq
coupling constant is 108 Gau¥s.In addition, the superhyper-  gistance at 1.9% 0.01 A. Variation of the Ce:N(His) and

(28) Savage, H. F. J.; Lindley, P. F.; Finney, J. L.; Timmins, PA&ta Co-O distances with a CeNeq distance of 1.91 A results in
Cry;g’;"gglrj- 1i§r8€7, JB?. '2:%;293. L Lehman. M. S.: Lindlev. P. E.- Savage three well resolved minima with a CaN(His) distance of 2.17
n 8 Crystallogr199% 843 79-89. Vo7 T BAY9 £ 0,02 A and Co-O distance of 1.95 0.02 A GR?: 16),

(30) Lee, P.; Citrin, P.; Eisenberger, P.; Kincaid, Bx. Mod. Phys. another minimum at a CeN(His) distance of 2.49 0.02 A
1981, 53, 769-806.

(31) Rossi, M.; Glusker, J. P.; Randaccio, L.; Summers, M. F.; Toscano,
P. J.; Marzilli, L. G.J. Am. Chem. Sod.985 107, 1729-1738.

(32) Bayston, J. H.; King, N. K.; Looney, F. D.; Winfield, M. E.
Biochemistryl97Q 9, 2162-2172.

(33) Pilbrow InB12 Dolphin, D., Wiley and Sons: New York, 1982;
pp 431-462.

(34) Padmakumar, R.; Taoka, S.; Padmakumar, R.; Banerjek,An.
Chem. Soc1995 117, 7033-7034.

(35) ) Gianotti, C. InB12 Dolphin, D., Wiley and Sons: New York,
1982; pp 393-430.

(36) Calafat, A. M.; Marzilli, L. G.J. Am. Chem. S04993 115 9182
9190.
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and Co-O distance of 1.9% 0.03 A (YR% 16), and finally a cycle is initiated by homolytic cleavage of the cobatarbon
third minimum at a Ce-N(His) distance of 2.45 0.05 A and bond an entirely different structural and electronic mechanism
Co-O distance of 2.2% 0.05 A (FR2 14), as seen in Figure  is operative. The ENC is increased, and the corrin ring average
4b. The simulated versus experimental data for these simula-distance decreases.
tions are seen in Figure 4c. Note the difference from the The EXAFS data shows multiple minima for the axial ligand
solution patterns seen in Figure 3a,b, where the minimum with distances, but we can guide our judgment using additional
the very long Co-(DMB) distance can be clearly rejected based available information. Based on the crystallographic data of
on the EXAFS analysis. For this analysis the short distance the mutase compleka longer Ce-N(His) distance is expected
consistent with small molecule crystallography is excluded, for both the AdoCbl and AqCbl mutase complexes. For the
while only the intermediate and longer €bl(His) distances AqCbl/M-CoA mutase complex, we see a possible solution with
are consistent with the data. This and the mutase crystala Co-N(His) distance of 2.49 0.02 A and the short Ge
structure® in which a mixture of AqCbl and Co(ll) are bound, N(DMB) distance seen in the free AqCbl form is excluded. For
also indicate the presence of a long-&\¥(His) bond at 2.53 the AdoCbl/M-CoA mutase complex the small shift in the X-ray
A edge is consistent with the small shortening observed in the
. equatorial distances, while the optical data are not consistent
Conclusion with dramatic structural changes. This supports the exclusion

The global mapping method has demonstrated that it can of the_ EXAFS minimum with Fhe long Cﬂ(_? distance i_n Figure
provide a thorough analysis of EXAFS data by comparing a 1 Which requires a dramatic change in both axial ligands,
large number of simulations to the experimental data in a defining a Co-C distance of 1.94 A, which is also the best
uniform way. It allows the visualization of multiple minima  EXAFS solution with the smalle§tR? value. We can conclude
in EXAFS and is able to explain discrepancies between that in the absence of the substrate (or a substrat_e gnalog) the
crystallograph§and EXAFS where our earlier EXAFS analysis €0—C bond stays unaffected and that substrate binding to the
methods failed to provide a satisfactory solution. enzyme plays an important role in labilizing the cofactor toward

In summary, our EXAFS analysis of the M-CoA mutase CO—C cleavagé’ EPR® and stopped-flow spectroscopic
complexes shows only slight variation in the €eq distances studieg?® indicate this to be the case for methylmalonyl-CoA

with respect to the free cofactor forms, with the possible Mutase.
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