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ABSTRACT. X-ray absorption spectroscopy has been used to investigate binding of selenohomocysteine to
cobalamin-independent (MetE) and cobalamin-dependent (MetH) methionine synthase enzymes of
Escherichia coli We have shown previously [Peariso et al. (1998Am. Chem. Soc. 1268410-8416]

that the Zn sites in both enzymes show an increase in the number of sulfur ligands when homocysteine
binds. The present data provide direct evidence that this change is due to coordination of the substrate to
the Zn. Addition ofL-selenohomocysteine to either MetE or the N-terminal fragment of MetH, MetH-
(2—649), causes changes in the zinc X-ray absorption near-edge structure that are remarkably similar to
those observed following the addition vhomocysteine. Zinc EXAFS spectra show that the addition of
L-selenohomocysteine changes the coordination environment of the zinc in MetE frem2@$/O) to

2S+ 1(N/O)+ 1Se and in MetH(2649) from 3S+ 1(N/O) to 3S+ 1Se. The Zr'S, Zn—Se, and SeS

bond distances determined from the zinc and selenium EXAFS data indicate that the zinc sites in substrate-
bound MetE and MetH(2649) both have an approximately tetrahedral geometry. The selenium edge
energy for selenohomocysteine shifts to higher energy when binding to either methionine synthase enzyme,
suggesting that there is a slight decrease in the effective charge of the selenium. Increases-+Qye Zn
bond distances upon selenohomocysteine binding together with identical magnitudes of the shifts to higher
energy in the Se XANES spectra of MetE and MetHG29) suggest that the Lewis acidity of the Zn

sites in these enzymes appears the same to the substrate and is electronically buffered byCy®e Zn
interaction.

Catalytic roles for zinc are well established in a variety pK, of the thiol, thereby increasing the concentration of
of metalloenzymes. In most of these, the zinc is ligated by thiolate at physiological pH3). However, the detailed
nitrogen- and oxygen-containing amino acid side chains andmechanism of the alkyl transfer has yet to be determined.
has an open ligation site occupied by a water molecljle ( Two recently characterized zinc-containing enzymes that
This water molecule can be ionized or polarized to provide catalyze alkyl transfers to thiol substrates are the cobalamin-
hydroxide ions at physiological pH, or it can be displaced independent (MetE)and cobalamin-dependent (MetH) me-
by substrate with subsequent Lewis acid activation of the thionine synthases fror. coli. These enzymes catalyze
substrate by the zinc ion. Recent studies have discovered anethyl transfer from methyltetrahydrofolate (¢Hafolate)
new class of catalytic zinc metalloproteins in which the zinc to homocysteine to complete the de novo biosynthesis of
is ligated primarily by cysteine thiolate®)( These metallo- ~ methionine 4). While the two enzymes have no sequence
proteins catalyze the transfer of an alkyl group to a Similarity and have different requirements for catalytic
nucleophilic thiolate substrate. It has been suggested thatactivity (5), both enzymes contain 1 equiv of zinc per mole

coordination of the substrate thiol to the zinc ion lowers the Of protein €). Moreover, both enzymes require zinc for
binding of homocysteine and for catalysis of methyl transfer

to the homocysteine thiolate. An N-terminal fragment of
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also catalyzes methyl transfer from exogenous methyl- sonicated as described previously, but no protease inhibitors
cobalamin to homocysteine, producing cob(l)alamin and were added to the sonicated cells. Only one column, an anion
methionine 7). exchange Q-Sepharose gravity-flow column (Pharmacia),

Previous EXAFS (extended X-ray absorption fine struc- Was used for purification. A linear gradient of 5800 mM
ture) studies have shown that the zinc ligand environments sodium phosphate buffer, pH 7.2, was used. Met+§29)
in MetE (8) and MetH(2-649) ©) are different. MetE can be purified to apparent homogeneity in a single chro-
contains two cysteine ligands, shown by site-directed mu- motographic step due to the very high expression level of
tagenesis to be Cys728)(and Cys64310), while MetH the fragment. Enzyme purity was determined by SDS
contains three cysteine ligands, Cys310, Cys3)] &nd PAGE, and enzyme concentration was determined by a
Cys247 9). A third protein-derived ligand in MetE is likely ~ Bradford protein assay (Bio-Rad).
to be His641 {0). Addition of the homocysteine substrate ~ Preparation of Selenohomocysteine and Enzymatic Con-
to either enzyme results in the loss of one N/O ligand and version to Selenomethionine.-Selenohomocystine was
the addition of a sulfur ligand, consistent with direct binding Synthesized fron-selenomethionine using sodium in liquid
of the homocysteine sulfur to the zinc. However, MetE ammonia as described in detail elsewheté),(and was
contains a total of 7 cysteine residues while MetHE29) reduced ta.-selenohomocysteine immediately before use by
contains 10 4). Consequently, the earlier results do not incubation with tris(carboxyethyl)phosphine (TCER).
preclude the possibility of a conformational change upon Selenohomocysteine has been shown to be a substrate for
homocysteine binding that brings other cysteine residuesboth MetE and MetHX1). With MetH, ke, determined using
within binding proximity of the zinc. the methylcobalamirhomocysteine methyltransferase assay,

To identify the sulfur ligand that coordinates to the zinc IS @Pproximately 4 times faster for selenohomocysteine than
on homocysteine binding, we have used selenohomocysteind0 homocysteine, while with MetBkca: is about 50% that
as the substrate for MetE and MetH(@49). Since there ~ for homocysteine. In both cases, thig values for seleno-
are no selenium-containing residues in MetE or MetH and homocysteine are similar to those for homocysteind:25
selenohomocysteine is a substrate for both enzymes, seleno#M for MetE and~15 uM for MetH.
homocysteine offers the opportunity to determine definitively ~ XAS Sample PreparationSubstrate-free MetE and
whether the substrate binds directly to the zinc ion. In MetH(2-649) samples+3.3 mM) were equilibrated in 50
addition, by measuring XANES (X-ray absorption near-edge MM potassium phosphate buffer at pH 7.2. Selenohomo-
structure) and EXAFS at the Se edge, we have been able tFYSteine was generated in situ immediately prior to each
characterize changes in the effective charge of the selenolaté€XPeriment, using a stoichiometric amount of TCER)(
anion upon binding to MetE and MetH{549) and to An excess (6 mM final concentration) afselenohomo-
determine the approximate geometry of the substrate-boundCySteine (SeHcy) was added to both the MetE and MetH
active site in both enzymes. Identification of the zinc ligands Samples to ensure saturation and therefore homogeneity of
and the geometric changes at the zinc-binding site providesth® zinc sites. For selenium XAS measurements, substoi-
clues to the catalytic mechanism of methyl transfer in the chiometricL-selenohomocysteine (2.4 mM final concentra-

methionine synthase enzymes. tion) was used to ensure homogeneity of the selenium XAS
signals. Upon addition of substrate, the samples were loaded
MATERIALS AND METHODS into 150 «L Lucite cuvettes with 4Qum Kapton windows

and frozen rapidly in liquid nitrogen. Additional samples of

Expression and Purification of the MetE Proteifihe 20 mM SeHcy+ 10 mM TCEP in 50 mM potassium
recombinant substrate-free MetE enzyme was overexpresseghosphate buffer were prepared at pH 7.2 and pH 10 (to
by growing E. coli strain GW2531/pJG816 aerobically at ensure deprotonation of the selenol) and 20 mM seleno-
37°C to late log phase or early stationary pha&gdabout  cystamine (obtained form Sigma) 10 mM TCEP in 50
8.0) in Luria—Bertani medium supplemented with 100/ mM potassium phosphate buffer at pH 10 for use as
mL ampicillin, 0.5 mM zinc sulfate, and 0.4 mM isopropyl references. These samples were also loaded into a Lucite
-p-thiogalactopyranoside (IPTG) as previously described cuvette and frozen rapidly in liquid nitrogen. Potassium
(8). The protein was purified by DEAE-Sepharose ion- tetrabromozincate was prepared via the method described
exchange chromatography using a linear gradient of potas-by Jochum et al.1(3). The crystalline KZnBr, was diluted
sium phosphate buffer (18600 mM at pH 7.2 containing  with boron nitride, ground into a fine powder, and packed
500 uM DTT) as previously described8). Protein was  evenly into a 0.5 mm aluminum sample cell with 4fn
purified to homogeneity as judged by electrophoresis in 12% Kapton windows.
polyacrylamide gels in the presence of sodium dodecyl XAS Measurements and Data Analysiinc XAS data
sulfate (SDS-PAGE) and visualized by Coomassie blue for substrate-free MetE and MetH were measured previously
staining. Purified protein was obtained with yields~e100 (9). Zinc XAS data were collected on two independent
mg/L of growth medium, and was concentrated to about 100 preparations of MetE+ SeHcy, MetH(2-649) + SeHcy,
mg/mL and stored at-80 °C. and selenocystaminé TCEP at the Stanford Synchrotron

Expression and Purification of MetH{Z649). Construc- Radiation Laboratory (SSRL) on beamline 9-3 using a fully
tion and characterization of the MetH{B49) overexpression  tuned Si(220) double-crystal monochromator and a Rh-coated
plasmid, pCWGO02, have been describ&. (However, a upstream mirror for harmonic rejection. Selenium XAS data
slightly altered enzyme purification method was used in this for a single preparation of MetE substoichiometric SeHcy
study. The cells were grown in LurieBertani medium and SeHcyt+ TCEP (pH 7.2) were measured under the same
supplemented with 10@g/mL ampicillin, 0.5 mM zinc conditions. Se XAS data for separate preparations of MetE
sulfate, and 0.4 mM IPTG. The cells were pelleted and + substoichiometric SeHcy and MetH{B49) + sub-
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stoichiometric SeHcy and for a single preparation of SeHcy k-range. Both first-shell-filtered data and unfiltered EXAFS
+ TCEP (pH 7.2 and pH 10) were measured at SSRL on data were fit to eq 1 using a nonlinear, least-squares
beamline 7-3 using a Si(220) double-crystal monochromator algorithm. Filtered and unfiltered data gave equivalent
detuned to 50% of the maximum intensity for harmonic structural parameters.
rejection. Additional selenium XAS data were collected on
an independent preparation of MetH(849) + substoichio- N S (KA (K) )
metric SeHcy at SSRL on beamline 2-3 using a Si(220) (K = Z—exp(—Zkzoiz) sin(XR + ¢(K) (1)
double-crystal monochromator detuned to 50% of the : kRZ
maximum intensity for harmonic rejection. The protein XAS _ .
data were collected as fluorescence excitation spectra using EXAFS data are described by eq 1, whes&) is the
a Ge 13-element, solid-state detector array on beamlines 2- racnone}l modulation in the absorption coe_fﬁment aboye the
and 7-3 and a 30-element Ge detecor array on beamline 9-38d9€/N: is the number of scatterers at a distafeA(K) is
Measurements for both zinc and selenium were made usingthe effective backscattering amplitudg,is the root-mean-
10 eV increments in the preedge, 0.35 eV increments in the Square variation iR, ¢i(k) is the phase shift experienced
edge region, and 0.05Aincrements in the EXAFS region by the photoelectron wave in passing through the potentials
with integration times of 1, 1, and-125 s (3-weighted), of the abso_rblng and backscattering atoﬁaék) is a scale
respectively, for a total scan time of ca. 35 min. Total factor specific to the absorbescatterer pair, and the sum
integrated count rates were held below 90 kHz per channeliS taken over all scattering interactiors(. The program
to avoid saturation of the detector (Table S1 of Supporting Feff v. 6.01 (7) was used to calculate the amplitude and
Information). The windowed Zn & count rates and Seck ~ Phase functionsii(k) and ¢i(k), respectively, for a zine
count rates are given in Table S1. The total useful fluores- OXygen at 2.00 A, zinenitrogen at 2.05 A, zinesulfur at
10 for the zinc spectra and 4.6 10° to 2.5 x 10F for the A, selenium-sulfur at 3.60 A, brominezinc at 2.40 A,
selenium spectra (Table S1). Zinc and bromine XAS data bromine-potassium at 3.60 A, and bromineromine at 4.00
were collected at SSRL on beamline 2-3 using a Si(220) ~- . )
monochromator detuned to 50% of the maximum intensity ~ All of the fits were performed by allowin@ and o to
for harmonic rejection. These data were measured using anvary for each shell while holding all of the other parameters
N_-filled ion chamber to measure the transmission through fixed. Fits to the zinc spectra were calculated as described
the sample. Transmission measurements for both zinc andPreviously @) with the zinc constrained to be either 4- or
bromine were made using 10 eV increments in the preedge’S'Coord"]ate with a variable ratio of n|trogen/0Xygen, Sulfur,
increments in the EXAFS region with integration times of €nzymes was fit as a 2-coordinate selenium atom bound to
1,1, and +15 s (*-weighted), respectively, for a total scan ¢arbon and zinc, varying the number of-S# interactions
time of ca. 25 min. The temperature was held at 10 K during in integer increments from 0 to the values3x determined
all of the measurements using an Oxford liquid helium flow Previously Gnax= 2 for MetE andSyax = 3 for MetH) for
cryostat. the Zn sites in MetE) and MetH Q). The bromine EXAFS

All of the detector channels in each scan were examined data were modeled, holding the coordination number fixed
individually for glitches, and the good channels (Table S1) constant with the crystal structure and allowiR@ndo to -
were averaged for each sample to give the final spectrum.vary. for comparison with the parameters from the selenium
For the zinc measurements, the X-ray energies were cali-SPectra.
brated by measuring the absorption spectrum of a zinc foll

) . RESULTS

reference simultaneously with the fluorescence data and
assigning the first inflection point in the zinc foil as 9659 Selenohomocysteine Binds Directly to ZiRigure 1 shows
eV. The selenium measurements were calibrated in a similarthe Fourier transforms of the zinc EXAFS data for MetE
manner, using a selenium foil reference and assigning the(bottom panel) and MetH{2649) (top panel). It is evident
first inflection point of the selenium foil spectrum as 12 658 that there is a progressive increase in the amplitude of the
eV. The bromine measurements were calibrated by simul- main peak on going from substrate-free enzyme to enzyme
taneous measurement of a ZaByil and assigning the first ~ + homocysteine to enzyme- selenohomocysteine. The
inflection point as 13 474 eV. increase in amplitude alone could be caused either by a

Zinc, selenium, and bromine XANES data were normal- change in ligation (N/O to S to Se) or by a decrease in
ized by fitting the data both below and above the edge to disorder when substrate binds. In addition to the increase in
tabulated X-ray absorption cross sectiob¥) sing a fourth- amplitude, there is a shift in the main peak to higRef his
order polynomial and a single scale factbb) The EXAFS shift to higherR is inconsistent with a more ordered site,
background correction was performed by fitting a first-order and indicates instead a change in ligation. The changes in
polynomial to the preedge region, and a two-region cubic the Fourier transform are more pronounced for MetE than
spline above the edge. After the background was removed,for MetH. This is consistent with the presence of more low-Z
the data were converted kespace usingt = [2me(E — Ep)/ ligands in substrate-free MetE. The replacement of an O/N
h?Y2, whereEy = 9675 eV in the case of zinc, 12 680 eV ligand with S or Se thus causes a greater percentage change
for selenium, and 13 500 for bromine. Fourier transforms in the EXAFS for MetE.
were calculated usinkf-weighted data over the ranges given  Quantitative fits to the EXAFS confirm these qualitative
in Table S1 for both the zinc and selenium spectra. The first conclusions. The zinc EXAFS for enzymeSeHcy (Figure
shell (Table S1) was then back-transformed over the same2) cannot be fit without including a ZnSe shell. The fit
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3.6 A, while only a single broad peak with a maximurnRat

+ a ~ 3.1 A is seen for MetH(2649) + selenohomo-
cysteine. In both cases, the outer-shell features are well
modeled with a shell of sulfur atoms &3.81 A (Table 1).

In neither case could the lowEXAFS oscillations (3 Al

< k < 5 A1in Figure 4) be reproduced without including
an outer shell oS scatterers in the fit, especially the minima
at 4 and 5 A? (Figure S4). The minimumta4 A is also

\ more pronounced in the data for MetH{849) than that of

N
[

& W
T

20 ,l"'.;\‘ MetE, consistent with the larger number of S zinc ligands
104 YA in MetH(2—649). We, therefore, attribute this shell to-&e
A scattering between SeHcy and the cysteines coordinated to
0 | VAV - - the Zn.

Fourier Transform Magnitude
w
<

Reports of intraligand EXAFS are relatively rads( 19.
To test the feasibility of detecting S& scattering, we
R+oa (A) measured Br EXAFS for the ZnBr anion. The tetra-
FiGURE 1. Representative Fourier transforms of the zinc EXAFS bromozincate anion has an approximately tetrahedral geom-
data from MetE (bottom panel) and MetH{B49) (top panel) for etry, similar to that expected for methionine synthase, and
the substrate-free enzyme (solid lines), enzyme in the presence ofis thus a good mimic for the expected behavior. The Fourier
g;((;?(i;gcig]ecl)g%sotr?(ljrr]ﬁo(cdyostttgi?] é'rzgz)sﬁgg I?r':‘g;{)'ﬁe In the presence transform of the EXAFS data for Zngr is included in the
Supporting Information (Figure S5). As expected, there is a
20 peak atR + o ~ 3.8 A, attributable to BrBr scattering.

A i There is, in addition, a peak B+ a ~ 3.2 A that is due to
the K counterion in KZnBr,. All of the EXAFS distances
for K,ZnBr, (Table S4) are in excellent agreement with the
crystallographic valuesl@). The split peak for MetE and
the broad asymmetric peak for MetH(B49) are due to
interference between the scattering from the zinc at 2.43 A
and that from the sulfur atoms. The apparent number of sulfur
atoms in the best fits, 2 for MetE and 3 for MetH{@49),
is consistent with the ligation predicted from earlier site-
directed mutagenesis and EXAFS studies. The observed
Se-S Debye-Waller factors are somewhat higher than those
found for the Br-Br interaction in kZnBr, (Table S4). This

)
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FiGurRe 2: Representative Zn EXAFS data (solid lines) and fits may reflect a small amount of disorder in the methionine

(dotted lines) for MetE (bottom) and MetH{®549) (top) in the

presence of excessselenohomocysteine. synthase zinc sites.

By combining the Zr-Se, the Zr-S, and the SeS

details are given in Table S2, and the best fits are summarizeddistances, it is possible to calculate the averageZ$e-S
in Table 1. Since there are no other selenium atoms presengingle in the substrate-bound forms of MetE and MetH(2
in either MetE or MetH(2-649), these results demonstrate 649) (18). These angles are 1@61° in MetE and 105t 1°
unambiguously that the selenium of selenohomocysteine, andn MetH(2—649) (Figure 5). These angles are consistent with
thus by analogy the sulfur of homocysteine, displaces oneslightly distorted tetrahedral zinc sites, supporting the
of the low-Z ligands at the Zn active site. 4-coordinate model used to fit the Zn EXAFS.

This structural picture is confirmed by the Se EXAFS.  Zinc XANES Reflects Changes on Substrate Bindiimg.
The Fourier transforms of the Se EXAFS (Figure 3) for XANES spectra (Figure 6) for both MetE and MetH(@49)
SeHcy bound to the protein are dominated by an intense peakshow that addition of either homocysteine or seleno-
atR+ a ~ 2 A attributable to SeZn scattering, together homocysteine causes a small decrease in the intensity of the
with a weaker SeC peak aiR + o ~ 1.5 A. Quantitative 9663 eV transition and a larger decrease in the intensity of
fits to the data (Table 1 and Figure 4) confirm this structural the 9670 eV feature. In addition, the edge narrows upon
picture and, importantly, give ZnSe distances in excellent addition of either substrate to either enzyme. The effects of
agreement with those found in the Zn EXAFS. substrate binding are shown more clearly in XANES differ-

Zinc Geometry in Substrate-Bound MetE and MetH(2 ence spectra (Figure 7), calculated by subtracting the XANES
649). The selenium EXAFS data not only give additional spectra of the substrate-bound MetE and MetH§29) from
evidence for the direct ligation of the selenohomocysteine the XANES spectra of the corresponding native enzymes.
to zinc in methionine synthase, but also provide a means Perhaps the most striking feature of the Zn difference spectra
for determining the geometry of the zinc site in substrate- is that homocysteine and selenohomocysteine cause nearly
bound methionine synthase. The Fourier transforms for equivalent changes, particularly for MetE. Addition of either
SeHcy bound to either MetE or MetH show weak features substrate gives pronounced negative features62 and
at higherR (R + a ~ 3—3.6 A) (Figure 3). These are not ~9667 eV. Although there are differences between the
seen in the Fourier transform of the EXAFS data for the different substrates and between the different enzymes, the
selenohomocysteine amino acid alone (Figure S3). For MetE,negative features at9662 and~9667 eV are apparent in
these appear as two resolvable peakR at oo ~ 3.0 and all of the difference spectra.
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Table 1: EXAFS Fitting Results for the Methionine Synthase EnzyinesSelenohomocysteife

shell 1 shell 2 shell 3
N Ran(A) 02 x 103 (A?) N Ran(A) 02 x 103 (A?) N Ran(A) 0?2 x 103 (A?)
MetE (Zn) 1N 2.02(1) 2.7(1) 2S 2.33(1) 3.5(2) 1Se 2.433(1) 2.1(2)
MetH (Zn) 3S 2.36(1) 3.6(4) 1Se 2.430(2) 2.5(2)
MetE (Se) 1C 1.981(3) 3(1) 1Zn 2.426(0) 2.7(3) 2S 3.80(2) 13(3)
MetH (Se) 1C 1.984(3) 3.3(7) 1Zn 2.433(5) 2.6(1) 3S 13(2)

a Parameters given are from fits to filtered data. Fits to unfiltered data gave similar structural parameters. Numbers in parentheses represent the
reproducibility in the last digit, determined by examining multiple preparations of a single sample type.
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6 7 Ficure 6: Representative zinc XANES spectra of MetH@49)
R +a (A) (top three spectra) and MetE (bottom three spectra). XANES spectra

) ) ) for substrate-free enzyme are the first and fourth spectra from the
FiGURE 3: Representative Fourier transforms of selenium EXAFS top The second, third, fifth, and sixth spectra are for enzyme plus
data (solid lines) and best fits (dotted lines) from MetE (bottom) excess.-homocysteine (solid lines) and for enzyme plus excess
and MetH(2-649) (top) in the presence of substoichiometric | _selenohomocysteine (dotted lines).
L-selenohomocysteine.
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FIGURE 4: Representative Se EXAFS data (solid lines) and fits Energy (eV)
(dotted lines) for MetE (bottom) and MetH(B49) (top) in the  Fyre 7: Representative zinc XANES difference spectra for (in
presence of substoichiometrieselenohomocysteine. order from top to bottom) MetH(2649) plus excess-seleno-
homocysteine, MetH(2649) plus excess-homocysteine, MetE
Se-Hey Se-Hey plus excessL-selenohomocysteine, and MetE plus excess
105° 106° homocysteine. These spectra were calculated by subtracting the
zrD Zn4,, enzyme+ substrate XANES spectrum from the substrate-free
CYS247-3/ “8-Cyss11 HiS641-N/ l “8-Cysya6 enzyme XANES spectrum. The difference spectra have been offset
for clarity.
S-Cyssq0 S-Cysga3
MetH(2-649) MetE Sy vs $(N/O) to $Se], suggests that the difference features

) seen in Figure 7 reflect similar changes in the Zn site on
Ficure 5: Proposed structure of the selenohomocysteine-bound binding of either substrate. In addition to the narrowing of

Zn sites in MetH(2-649) and MetE. The amino acid ligands have . o
been previously determined by site-directed mutagen@s&-L0). the edge features, there appears to be a slight shift in the Zn

While stereochemistry is inferred in this scheme, there are no dataedge to lower energy when either substrate binds. This
available to assign the stereochemistry of these sites. The anglesappears as the negative feature-8662 eV. The slight shift
depicted in this scheme are theerageSe-Zn—Scys angles. of the edge to lower energy when either SeHcy or Hcy binds
may reflect a small change in the effective charge on the
The similarity of the XANES difference spectra following  zn. Although the Zn remains formally Zn(ll) in all cases,
either SeHcy or Hcy binding is surprising. XANES spectra the binding of an anionic ligand and consequent decrease in
are generally considered to be, at least partially, determinedthe effective charge on the Zn would be expected to make
by ligand identity. The observation of similar difference excitation of the 1s electron slightly easier. While the shift
spectra, despite the differences in ligation [e.g(NBO) to in energy dominates the low-energy difference features in



992 Biochemistry, Vol. 40, No. 4, 2001 Peariso et al.
DISCUSSION

200
Many studies have demonstrated the efficacy of EXAFS

as a tool for determining bond distances and types of ligands.
However, the present study utilizes ligand EXAFS in
combination with metal EXAFS to gain three-dimensional
information about protein metal sites in solution. Coupling
the three-dimensional information gained from the EXAFS
with qualitative changes in the XANES can offer insight into
how the changes taking place at the active site of metallo-
enzymes contribute to the overall turnover mechanism. In
other members of this new class of zinc-dependent alkyl
transferase enzymes, as in MetE and MetH, Se XAS may
prove to be a valuable method for probing the catalytic role
of zinc and the mechanism of alkyl transfer in the native
enzymes.

The results presented herein provide definitive proof that
the Se of selenohomocysteine, and by analogy the S of
homocysteine, binds directly to the Zn ion in both MetE and
MetH(2—649). The similarity of the Zn difference XANES
1(;652 12654 12656 12658 12600 12662 spectra for both MetE and MetH{549) .Wh'en excess

Energy (eV) homocysteine or excess selenohomocysftelne'lsladded shows
that the S and the Se atom bind the Zn in a similar manner.
Ficure 8: (Top) Selenium XANES spectra of selenohomocysteine This similarity, despite the difference in the ligands, indicates

+ TCEP at pH 10 (solid line) and at pH 7.2 (dashed line), MetE in 4; there is a distinct change in the nature of the Zn ligand

the presence of substoichiometric selenohomocysteine (dotted line), . . . . . L
and MetH(2-649) in the presence of substoichiometric seleno- €nvironment that has little to do with the ligand identity (i.e.,

homocysteine (detdashed line). (Bottom) The same spectra S Vs Se). While it is possible that some of the changes in
magnified to show the edge shift between the protein-free and the XANES, particularly those at higher energy, may be due
protein-bound -selenohomocysteine. to changes in geometry at the Zn site, the fact that the bond
angles that are calculated for the substrate-bound enzyme
MetE, the MetH(2-649) difference spectra show more show very little distortion from tetrahedral suggests that the
significant narrowing of the low-energy features. This is Zn site does not suffer serious distortion.
reflected in the derivative-shaped difference, which is more  The change in Zn XANES is explained, in part, by the
pronounced for the SeHcy than the Hcy-bound MetH(2  increase in the average Ztigand distance when either Hey
649). Determination of the ZnS distance in the presence or SeHcy binds. This increase, while small (0-@203 A),
of SeHcy has shown that the increase in the average&Zn is significantly larger than the precision of the EXAFS
distance when either substrate binds is, in fact, an increase(~0.004 A). Identical increases are seen for MetE and MetH.
in the Zn—Scys distance. This suggests that the narrowing These small increases in the bond distance are expected to
of the substrate-bound Zn XANES spectra may be correlatedproduce a slight narrowing of the edge spec®3,(and may
with the increase in the average Z8cys distance. account for the large positive difference betweed665 and
~9668-9680 eV in the difference spectra. Lengthening of
the Zn—S bonds upon substrate binding suggests that the
ligand environment in the Zn is compensating for additional
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Selenium XANES spectra for MetE selenohomo-
cysteine, MetH(2-649) + selenohomocysteine, and seleno-

hpmocysteme+ TC.EP at pH 7.2 and pH 1Q are shown in charge donation of the substrat23). In addition to the
Figure 8. The protein-free selenohomocysteine samples havesharpening of the edge, there is also a slight shift of the Zn
similar edge energies and appear to have XANES featuresedge to lower energy vx’/hen Hey or SeHcy binds. This can
indistinguishable from previously published spectra of pro- be seen in the negative difference feature~&662 eV.
tonated and deprotonated selenocystei€).(The tWo  ofien, a shift to lower energy is associated with a decrease
enzyme-bound selenohomocysteine spectra show small dif5 oxidation state. For Zn(ll), no such decrease is possible.
ferences, suggesting there are differences in the seleniumyowever, it is possible that the small shift to lower energy
environments of MetE and MetH{z649), consistent with  reflects a small decrease in the effective charge on the Zn
their different Zn ligation. More striking, however, is the jgn.

simi!arity of the edge energies forselenohomocysteine_ bound Charge donation from the substrate to the Zn ion is also
to either MetE or MetH. In both cases, the edge shifts by seen in the shift to higher energy of the Se XANES spectrum
~0.7 eV to higher energy relative to protein-free seleno- of the protein-bound selenohomocysteine relative to that for
homocysteine at either pH 7.2 or pH 10. Since edge energythe protein-free selenohomocysteine. While this shifd.(7
reflects, in part, the effective charge of the absorbing elementev) is small compared with those observed for oxidation
(21), these results suggest that the interaction of the selenostate changes, it is consistent with a slight decrease in the
homocysteine with either MetE or MetH{5B49) causes the  effective (anionic) charge on the Se due to interaction with
effective charge on the Se atom to become less negativea good Lewis acidZ4). It was unexpected that the edge
This may reflect the Lewis acidity of the Zhion bound to energy, and thus the degree of charge donation to the Zn in
the selenium atom of selenohomocysteine. the resting state, would be identical in both MetE and MetH.
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Model studies of zinc alkylthiolates have suggested that the 2.
reactive species is the free thiolate rather than the zinc-bound
thiolate and have demonstrated that the greatest reactivity is 3

seen with (Zn[SR)?~ complexes 25). We therefore ex-

pected that the selenium XANES spectrum of SeHcy bound 4.
to MetE, with a presumed net charge for the Zn center of
—1, would be different from the spectrum of SeHcy bound
to MetH with a net charge of-2. In fact, the spectra are
very similar; from the perspective of the substrate, the Zn
complexes of MetE and MetH look much the same. The Zn
EXAFS results suggest that, in the absence of substrate, small
bond length differences between the two clusters have 8.
already largely compensated for the differing net charges.

On addition of either RS or RSe, further compensatory

changes occur in each complex. These changes are reminis-
cent of the valence buffering seen in cytidine deaminase as
the net charge of the Zn center changes during the catalytic =
cycle 26). One may speculate that the large and relatively 14
rigid scaffold provided by the enzyme allows valence
buffering, perhaps via hydrogen bonding that does not occur 12.

13.

in small model complexes. The identical Z8e bond

distances in MetE and MetH{Z649) suggest that these
effects dominate any effects due to the net charge on the

different Zn sites.
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