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Abstract: Fe-only hydrogenases, as well as their NiFe counterparts, display unusual intrinsic high-frequency
IR bands that have been assigned to CO and Ghtion to iron in their active sites. FTIR experiments
performed on the Fe-only hydrogenase fr@mesulfaibrio desulfuricansindicate that upon reduction of the

active oxidized form, there is a major shift of one of these bands that is provoked, most likely, by the change
of a CO ligand from a bridging position to a terminal one. Indeed, the crystal structure of the reduced active
site of this enzyme shows that the previously bridging CO is now terminally bound to the iron ion that most
likely corresponds to the primary hydrogen binding site (Fe2). The CO binding change may result from changes
in the coordination sphere of Fe2 or its reduction. Superposition of this reduced active site with the equivalent
region of a NiFe hydrogenase shows a remarkable coincidence between the coordination of Fe2 and that of
the Fe ion in the NiFe cluster. Both stereochemical and mechanistic considerations suggest that the small
organic molecule found at the Fe-only hydrogenase active site and previously modeled as 1,3-propanedithiolate
may, in fact, be di-(thiomethyl)-amine.

Introduction various EPR-detectable paramagnetic species, the unpaired
electron spin resides mostly at the Ni cerfetlt has been

! : determined that in most aerobically oxidized enzymes, there is
by two types of metalloproteins: Niff@nd Fe-only hydroge- putative (hydro)oxo ligand asymmetrically bridging the two
nases. The two classes of enzymes are genetically unrelated anq o4 centers (it is closer to Ni than to Fepxcept for the
consequently, they represent two independently evolved mech-yjice hydrogenase fromdesulfaibrio vulgaris, in which this
anismg for the biologipal uptake or production of hydrogen 6) @) Fauque, G.. Peck, H. D, Jr. Moura, 3. 3. G.. Auyinh. B. H.
according to thg reactlop: H>2H +2e3 ,It has been . Berlier, Y ; DerVa{rtaHian, D. V Té}xeiFa, M,; P’rzyby.la, A. E.; Leépiﬁat,"
shown that the first step in the uptake process is the heterolyticp. A.; Moura, I.; LeGall, JFEMS Microbiol. Re. 1988 54, 299-344. (b)
cleavage of hydrogérand that a hydrogen species, probably a Lutz, S.; Jacobi, A.; Schlensog, V.;"Bm, R.; Sawers, G.; Bik, A. Mol.

; ; ; ; ; ; Microbiol. 1991 5, 123-135. (c) Przybyla, A. E.; Robbins, J.; Menon, N.;
hydride, is transiently bound to the active site during turnéver. Peck, H. D.. JFFEMS Microbiol. Re. 1992 88, 109-135. (d) Wu. L. F.:

NiFe hydrogenases have been extensively studied genefically, mandrand, M. AFEMS Microbiol. Re. 1993 104, 243-269 (e) Friedrich,
spectroscopically, crystallographically, and through theo- B.; Schwartz, EAnnu. Re. Microbiol. 1993 47, 351-383. (f) Hahn, D.;

retical calculations.Nevertheless, the roles of the active site Kueck, U.,Process Biochenl994 29, 633-641. (g) Elsen, S.; Colbeau,
Ni and F t duri talvsi . | A kabl A.; Vignais, P. M.J. Bacteriol.1997 179 968-971. (h) Ruiz-Argueso,
lan € centers during catalysis remain unclear. A remarka eT.; Imperial, J.; Palacios, J. M. IArokaryotic Nitrogen Fixation: A Model

observation is the fact that the Fe ion is low-spin ferrous with for the Analysis of aBiological Proces€. W. Triplett, Ed.; Horizon
CO and CN coordination and remains redox inactive through- Scientific Press: Wymondhan, U. K., 2000; pp 4&D7.

; 0 ; (7) (@) Cammack, R.; Fernandez, V. M.; Schneider, KBiainorganic
out the Catalytlc, CyCIé' In Qgregmgnt with ,these results, Chemistry of NickelJ. R. Lancaster, Jr., Ed.; VCH: New York, 1988;
quantum meChanK:al CaICUIat|0nS |ndlcate that n mOde|S fOI’ the Chapter 8. (b) Moura’ J. J. G’ Teixeira‘ M‘ Moura’ |’ LeGa”' J. In
Bioinorganic Chemistry of Nickgl. R. Lancaster, Jr., Ed.; VCH: New York,
*To whom correspondence should be addressed. Phone: 33-4-76-88-1988; Chapter 9. (c) Bastian, N. R.; Wink, D. A.; Wackett, L. P.; Livingston,
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ligand has been assigned to a sulfur spetidsis oxidation is
reversible, and in the reduced, active enzyme the oxo (or sulfur)
ligand is missing€ Thus, in addition to playing a role in the
redox processes, the Ni ion may protect the active site against A
oxygen-induced damage.

The second class of enzymes, the Fe-only hydrogenases, has
been less studied. Different lines of evidence have indicated
the presence of an unusual 6-Fe cluster (the H-cldstehich
has also been proposed to have CO and @Nordinationt?
The active oxidized enzyme displays the unusu=l2.10 EPR
signal, but subsequent reduction results in H-cluster EPR-silent
specieg:11P.¢.13The crystal structures of the;Hiptake enzyme
from D. desulfuricansATCC 7757 (DdH}* and the H-evolving
enzyme fromClostridium pasteurianum(Cpl)!®> have been
recently solved. These studies have shown that the H-cluster is
actually composed of a standard [4Fe4S] center bridged through
a cysteine residue to a very unusual-fFe unit!*1516The B
proposed crystallographic models for the active sites of these
two hydrogenases were quite similar, except for the following
points (Figure 1): (1) in DdH, the two Fe centers are bridged
by a small molecule, initially modeled as 1,3-propanedithiolate
(PDT), and by a water molecule or some undefined arrangement
of light atoms in Cpl; (2) the two Fe’s are further bridged by a
water molecule in the former enzyme and by a CO in the latter;
(3) one of the sites of the distal (relative to the [4Fe4S] cluster)
Fe (Fe2) is apparently vacant in DdH but is occupied by a water
molecule in Cpl. We have argu¥dthat these differences are
most likely due to a different redox state of the crystals. In the
case of Cpl, crystals were grown in a glovebox in the presence
of dithionite under a 100% Natmosphere, whereas for the

crystallization of th_e DdH, a 10% ?I’LBO% No a_ltmosphere was We have initiated a series of X-ray crystallographic and FTIR
used most of the t.'“.‘e- It seems likely that in the _former Case, stydies in order to better characterize the structure of well-
the crystals got oxidized, because the pH was optimal for auto- defined redox states of the Fe-only hydrogenase fiom

oxidation by hydrogen production, and there was a limited gy fyricansHere, we report the structure of its reduced active
(8) (a) Volbeda, A.; Charon, M. H. Piras, C.; Hatchikian, E. C.; Frey, Site which has been solved at 1.85 A resolution. On the basis
M.; Fontecilla-Camps, J. QNature 1995 373, 580-587. (b) Volbeda, A.; of the sterochemistry around the active site, we also speculate

Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. M.; Hatchikian, E. ; ;
C.. Frey, M.: Fontedilla-Camps. J. G. Am. Chem. S04996 118 12989 on the nature of the central atom of its small organic molecule.

12996. (c) Higuchi, Y.; Yagi, T.; Yasuoka, Nstructure1997 5, 1671 . .

1680. (d) Garcin, E.; Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, EXperimental Section

M.; Fontecilla-Camps, J. CStructure1999 7, 557-566. (e) Higuchi, Y.; . . o .

Ogata, H.; Miki, K.; Yasuoka, N.. Yagi, TStructure1999 7, 549-556. ngple Preparation. The |_orote|n was purified aerobically as
(9) (a) Pavlov, M.; Siegbahn, P. E. M.; Blomberg, M. R. A.; Crabtree, Previously reported<To obtain a homogeneous reduced crystalline

R. H.J. Am. Chem. S0d.998 120, 548-555. (b) Amara, P.; Volbeda, A.; enzyme the following procedure was used: (i) a 10 bapkessure

Fontecilla-Camps, J. C.; Field, M. J. Am. Chem. Sod999 121, 4468~ was applied to the sample in solutiomr @®h toactivate the enzymg?¢

44717. (c) De Gioia, L., Fantucci, P.; Guigliarelli, B.; Bertrand, IRorg. (i) crystallization trials [2.4 M ammonium sulfate, 2.1 mM dimethyl
Chem.1999 38, 2658-2662. (d) Niu, S.; Thomson, L. M.; Hall, M. Bl.

Figure 1. The crystallographic models of the actives sites (H-clusters)
of (a) DdH and (b) Cpl. See text for model differences.

amount of dithionite addet. For the latter, the presence of a
hydrogen-containing atmosphere for most of the time resulted
in a partially reduced state.

Am. Chem. Sod.999 121, 4000-4007. (e) Pavlov, M.; Blomberg, M. R. dodecylammd}l oxide (DDAQ)‘ 100 mM glycme/sodlum_hydrox@e,
A.; Siegbahn, P. E. MJ. Quantum. Chenl999 73, 197—207. pH 8.8; protein concentration, 20 mg/mL] were carried out in a
(10) (a) Dole, F.; Fournel, A.; Magro, V.; Hatchikian, E. C.; Bertrand, glovebox under a 10% #B0% N, atmosphere, and (iii) the crystals

P.; Guigliarelli, B.Biochemistryl997, 36, 7847-7854. (b) Huyett, J. E.; were subsequently exposed to 6 bar efgressure for 15 min prior to
Carepo, M.; Pamplona, A.; Franco, R.; Moura, |.; Moura, J. J. G.; Hoffman, flash-cooling in liquid proparié in the glovebox.

B. ('\fl)J( S”;‘_ia%gimv\?ogggjéé13;?53_1;?;9% - isaWolters. K. M- Structure Determination. Data were collected at 100 K on a single
Voordow, G.: Veéger, CEEBRS Lett.1986 263 59-63. (b) Ad'ams, M. crystal to 1.85 A r_esplutlon,_gt the ID14 eh_3_beam line of the European
W. W.: Eccleston, E.: Howard, J. BProc. Natl. Acad. Scil989 86, 4932 Synchrotron Radiation Facmty (ESRF). Inltlally, data were pl’OCESSEd

4936. (c) Hatchikian, E. C.; Forget, N.; Fernandez, V. M.; Williams, R.; Wwith the program MOSFLNf in the orthorhombic space grot2,2;2;
Cammack, REur. J. Biochem1992 209, 357-365. (d) Pierik, A. J.; Hagen,  (a= 116. 97 Ab=130.94 A,c = 131.13 A), giving arR,m of 0.073
W. R.; Redeker, J. S.; Wolbert, R. B. G.; Boersma, M.; Verhagen, M. F. J. and 88.8% data completeness (Table 1). A molecular replacement

m';gréﬂgej "éigéh\éemelgg‘g’zCz:agMgés_a?ezrs'(elj'P"(i)'p':'s;cﬁagds\'/ RM|1-£|I:k DEunhan, procedure with the program AMOREusing the 1.6 A resolution

J. Am. Chem. S0d.999 121 7877. structure previously determined as a starting search model was
(12) Pierik, A. J.; Hulstein, M.; Hagen, W. R.; Albracht, S. PEdr. J. consistent with the crystals’ containing four hydrogenase molecules
Biochem.1998 258 572-578. per asymmetric unit. However, the crystallographic refinement of this

(13) Patil, D. S.; Moura, J. J. G.; He, S. H.; Teixeira, M.; Prickril, B.  model was blocked &2 values of about 0.35. Subsequent careful
C.; DerVartanian, D. V.; Peck, H. D., Jr.; LeGall, J.; Huynh, B.JHBiol.

Chem.1988 263 18732-18738. (17) Vernale, X.; Fontecilla-Camps, J. Q. Appl. Crystallogr.1999
(14) Nicolet, Y.; Piras, C.; Legrand, P.; Hatchikian, E. C.; Fontecilla- 32, 505-509.

Camps, J. CStructure1999 7, 13—23. (18) Leslie, A. G. W. InCrystallographic ComputingMoras, D.,
(15) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, LS€lence Podjarny, A. D., Thierry, J. C., Eds.; Oxford University Press: New York,

1998 282 1853-1858. 1991, pp 56-61.

(16) Nicolet, Y.; Lemon, B. J.; Fontecilla-Camps, J. C.; Peters, J. W. (19) Navaza, JActa Crystallogr.1994 A50, 157—-163.
Trends Biochem. Sc200Q 25, 138-143. (20) Bringer, A. T.;Nature 1992 355, 472-474.



1598 J. Am. Chem. Soc., Vol. 123, No. 8, 2001 Nicolet et al.

Table 1. X-ray Data Statistics in Space Groupds, P2:2,2; T T T T T

andP1
space group

P4, P2:2:2, P1
Rmergé 0.084 (0.253) 0.073(0.244) 0.057 (0.228)
I/o® 5.8 (2.7) 6.6 (2.7) 9(2.9)
completeness (%) 88.9 88.8 (64.9) 44.6 (23.5)
multiplicity 3.7 3.2(2.9) 1.5(1.7)
Nimea$ 598 076 522 795 487 234
Nunigud 162 027 164 695 320 245

@ Rmerge = 2 2 (I — EI]hHEﬂ/th.EI]hHDbSignaI-to-noise ratio.
¢ Number of measured reflectiorfsNumber of unique reflections. The

statistics are given for the overall data set and for the higher resolution 3
shell (1.9-1.85 A) in brackets. Th&m values could not be used to g
discriminate betwee®4s, P2,2,2; andP1. ':E
=
Table 2. Refinement Statistics <
no. independent atoms 8383
no. independent non-protein atoms 749 waters, 2 sulfate ions,
2 Zr?*, 1 DDAO, 2 cysteines,
4 glycerol molecules
resolution (A) 106-1.85
no. reflections used for refinement 149 876
no. of reflectionsRyee calculation 7534
R factor 0.171 Crystal
Rfr ce factor 0.183 Aerobically oxidized state Solution
rmsd
bonds (A) 0.010 Crystal
ang|es (deg) 1.6 Hyreducedstate Salution
dihedrals (deg) 23.6 . . ) | .
torsions (deg) 0.90 2500 450.0 650.0
aRfactor= Zn(Fobs — Fead/Znk Fobs The Reee factor was calculated Wavelength (nm)

using 5% of the reflections that were excluded during all of the _. . .
refinement stageg.Root-mean-square deviations calculated for bond Figure 2. UV spectra of a crystal and solutions bt desulfuricans
distances, angles, dihedrals and torsion angles. The four molecules in(ATCC 7757) Fe-only hydrogenase.

the asymmetric unit were refined as two pairs related by NCS.

0.0020D.
examination of the electron density maps showed small deviations from I

P2,2,2; symmetry, which indicated that the crystal was not ortho-
rhombic. The data were then reintegrated in the space draup =
116.97 Ab = 130.77 A,c = 130.90 A,a = p = y = 90°), which
resulted in an goods,m but low data completeness (Table 1). The
triclinic 16 noncrystallographic-symmetry (NCS) operators were then
refined inP1 using a rigid-body procedure with the program CNS
and theP2,2;2; molecular replacement solution as a starting model.
The structure was subsequently refined with CNS after removing a
new 5% of the reflections in order to calculate fRee using the data

in P12 Electron density maps were recalculated after some cycles of
density modification (16-fold averaging), using the program Blih
order to restore all of the missing structure factors and to prevent map
distortions. Manual model corrections were performed using the
program TURBC? At all stages of the refinement, a strict 16-fold
NCS was applied to the model. Six cycles of alternating refinement
and manual model corrections resulted in a model Rith and Ryork
factors of 0.206 and 0.204, respectively (Table 2). The validity of such
a process was verified by examining the electron density map at regions
of the model that were omitted during the calculation (results not
shown). At this point, a new examination of the NCS operators indicated
that the crystals belonged, in fact, to the tetragonal space d?dsip
(a=b=131.0 A,c =116.97 A). After reindexing and integration in

1983

Absorbance

T T T T T T T
this space group, a refinement procedure convergedRiof 0.171 2150 2100 2050 2000 1950 1900 1850 1800
and anRyec 0f 0.183 (Table 1). (Th&:e value may be an underestimate 1
because the initial 5% reflections taken out for its calculation using Wavenumber/cm

Figure 3. FTIR spectra of 1 mM DdH in 50 mM Hepes buffer, pH
(21) Bringer, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros, 8.0, 100 mM KClI at 25°C in the presence of redox mediators: (a) as

P.; Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu, jsolated, (b) after reduction at535 mV, and (c) after reoxidation at
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta —o85 m‘\/( ) ' ©

Crystallogr. 1998 D54, 905-921.
22) CCP4, Collaborative C tati | Project Numbeheta Crys- . . ) .
tall(ogr). 1994 D58 ?68?7%/; omputational Froject Num aLns P1 were not all independent iR4s). The final model is of good
(23) Roussel, A.; Cambillailicon Graphics Geometry Partner Direc-  quality** deviations from ideal stereochemistry are those expected from
tory; C. Silicon Graphics: Mountain View, CA; 1989, pp #78. an average model refined at 1.8-A resolution. A total of 92.8% of all
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Figure 4. Stereoview of the reduced active site. The mFeb&calc electron density map (SIGMAA was calculated using a model in which the
active-site atoms were removed from both structure factor and phase calculations. The map is contoured Eviblendth a cover radius of 1.7

A. This electron density map clearly indicates that the CO that is located between the two irons is terminally bonded to Fe2. Selected distances and
angles for this arrangement (noncrystallographically related molecule no. 2 in parenthesesleZed 55 A (2.61 A); Fe1C, 2.40 A (2.56 A);

Fe2-C, 1.69 A (1.69 A); Fex0, 2.91 A (3.12 A); Fe20, 2.80 A (2.80 A); FexC—0, 109.9 (106.4); Fe2-C—0, 176 (178).

of the residues has main chain torsion angles in the most favored region
of the Ramachandran plot, whereas only 0.2% (1 residue) has an
unfavorablep—1 combination. This residue is Glu77 from the small
subunit and itgy—1 angles are the same as in the initial 1.6-A resolution
structure (PDB accession code, 1HFE). Examination of the environment
of Glu77 shows that this residue is located between the C-terminal
region of am-helix and the N-terminal end of/&turn. The interactions
of these two secondary structural elements with other regions of the
protein are likely to compensate for the unusual torsion angles of Glu77. .
FTIR Measurements. The infrared spectra were recorded in a
Nicolet Magna-IR 860 Fourier transform spectrometer equipped with
a MCT detector and a purge system of £and HO (Whatman). An A B
IR-spectroelectrochemical cell was used as described by Mos&%t al.
The redox potential in the cell was controlled with a BAS CV-27 Figure 5. (A) Differences in the ligation of the bridging CO between
potentiostat and measured with a Fluke 77 multimeter. The temperatureCpl and the reduced active site of DdH (only the bridging CO is
of the cell was controlled by a Huber CC 230 thermostat. The depicted for Cp|) The CO is terminally bonded to Fe2 in the reduced
hydrogenase sample was concentrated by ultrafiltration with Centricon DdH, and it bridges Fel and Fe2 in the putatively oxidized Cpl. This
(Amicon) to 1 mM, and the FTIR spectra were measured in the presenceobservation agrees well with results from FTIR spectroscopy for various
of a mixture of redox mediators, 0.5 mM each. The redox mediators redox states of DdH (see Figure 4). This superposition shows that when
used were: indigotetrasulfonat& f, s = —76 mV, Merck), indigo the CO goes from bridging to terminal, only its C atom moves
carmine Epn = —159 mV, Fluka), anthraquinone-1,5-disulfonic acid significantly, which explains the observed electron density for the
(Epve = —234 mV, ICN Pharmaceuticals), anthraquinone-2-sulfonate bridging ligand in the 1.6-A resolution DdH structure (B).
(Epn s= —277 mV, Serva), benzil viologeiEgy s = —358 mV, Sigma),
methyl viologen E,n s = —449 mV, Aldrich). All redox potentials
are given relative to the standard hydrogen electrode. The IR spectra EPR and UV Spectroscopic Evidence for the Reduction
were averaged from 124 scans, and the spectral resolution was'2 cm - of pgH Crystals. The 356-450-nm region of the UV spectrum
All spectra were bIank-gubtracted and baseline-corrected using theshown in Figure 2 clearly indicates that most, if not all, of the
OMNIC software from Nicolet. FeS clusters are reduced after treating the crystal as described
UV Measurements. A flash-cooled reduced crystal, prepared as  j, the Experimental Section. This is further confirmed by the

described above, was transferred to a goniostat equipped With agnoqira changes that were observed after the reoxidation
cryogenic setup and connected to a spectrophotometer and ahydrogeréx eriment. Similar measurements in solution (Figure 2) and
lamp through fiber optics. The spectrum recorded between 250 and pEPR .I is of th d d DAH soluti gh |

750 nm is shown in Figure 2. Subsequently, the crystal was allowed to an analysis of the reduce solution (not shown) also

reoxidize by stopping the flow of cooled nitrogen gas (100 K) and indicated that the procedure used here was sufficient to reduce
exposing it to room-temperature air for 10 s. Equivalent experiments the enzyme both in solution and in the crystals.

were carried out in solution, except that the oxidized sample was the ~ The Structure of the DdH-Reduced Active Site As in the
as-prepared, aerobically-purified, enzyme. case of the enzyme froM. vulgaris Hildenborough strai#?

EPR Measurements.A solution of enzyme, reduced as described the FTIR spectra of different redox states of DdH (Figure 3)
above, was frozen in liquid nitrogen in an EPR tube. The CW EPR suggests that the active-site binuclear iron center contains two
spectrum was recorded on a X-band EMX Bruker spectrometer CN~s, two terminal COs and an additional CO ligand that seems
equipped with an Oxford Instrument ESR 900 helium-flow cryostat. to switch from a bridging to a terminal position upon reduction.

Experimental conditionsT, 10 K; P, 1 mW; microwave frequency, = Because the active site of Cpl has a bridging CO, we have
9.655 GHz; modulation amplitude, 1 mT. hypothesizetf that it was in a oxidized state. This is, in fact,

i very likely, because Cpl crystals were grown at pH 5.1, which

(24) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. s gptimal for auto-oxidation through hydrogen evolution, and
M. J. Appl. Crystallogr.1993 26, 283-291. L T

(25) Moss, D.; Nabedryk, E.; Breton, J.; Mantele, Bir. J. Biochem. there was only a limited amount of dithionite pres&nin the
199Q 187, 565-572. structure of the hydrogen-reduced DdH, it is very clear that the

Results and Discussion
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additional CO is terminally bonded to Fe2 (Figure 4). This result
fully agrees with and complements those obtained from the FTIR A
spectroscopy experiments depicted in Figure 3. Furthermore,
we think we can now provide an explanation for the shape of
the electron density corresponding to the bridging ligand that
was modeled as a water molecule in the previously reported
1.6-A resolution DdH structuté (labeled X on Figures 1 and
5B). In going from the (putatively) oxidized state, as seen in
Cpl, to the reduced one, as determined here for DdH, the
movement of the bridging CO to a terminal position affects
mostly the C atom, the O atom position being kept almost
invariant (Figure 5). Consequently, a mixture of these two states
in the crystal would result in electron density corresponding
only to the oxygen atom of the CO molecule. This is further
suggested by the Fel-X and Fe2-X distances of about 2.6 A, B
which are too long for either an oxo or a hydroxo or a water
molecule ligand. In retrospect, such a result is not very
surprising, because there was no controlled reduction of the
aerobically prepared protein sample.

Implications of the Redox-Dependent Switch of the Bridg-
ing CO. Several lines of evidence point at Fe2 as the primary
hydrogen binding site. In the partially reduced form of DdH,
this iron center displays an apparently vacant site (at least a
site not occupied by a non-hydrogen atorhip Cpl, it binds
the exogenous CO inhibitéf,and in both enzymes there is a c
hydrophobic channel that connects the molecular surface to
Fe21416 The FTIR results (Figure 3) show that in the active
oxidized state (spectrum at285 mV), there is a band at 1802
cm~1 which may be assigned to a bridging €&ynd that almost
certainly is equivalent to the one observed in the putatively
oxidized state of Cp¥> Upon reduction, this CO binds terminally
to Fe2, as shown by X-ray crystallography; an observation that
is confirmed by the FTIR spectroscopic results reported here.
The simplest interpretation for this change is that a nearly
symmetrical charge distribution at the two iron centers in the

oxidized f_orms (as Inc_ilcated by a brl(_:iglng .CO) becomes Figure 6. Comparison of the active sites of the reduced DdH (A) and
asymmetric when Fe2 'S. reduced, putatively b_lnds a hyd_rl_de, the oxidized (mostly Ni-A) NiFe hydrogenase froBesulfaibrio
or both..A more electrc_)n-rlch FQZ favors the C;O I'g?n.d transition fructosaorans(Montet, Y. et al. unpublished results) (B). The cysteine
from bridging to terminal binding, because it optimizes back- jigands of the active site in NiFe hydrogenase are depicted only by
bonding from the metal to the ligand. In addition, excessive their G3 and S atoms. The orientation of the two active sites has been
electron density may be transferred from Fe2 to Fel through achosen in order to maximize the superposition of the coordination
dative bond, and the latter can, in turn, back-donate electron spheres of the Fe site of the NiFe hydrogenase and the Fe2 site of the
density from its filled dr orbitals to the emptyr* orbital of Fe-only hydrogenase (C, DdH depicted in black). Both of them are
the C atom of the asymmetrically bound CO. These concerted coordinated by two thiolate sulfurs (cysteines or DTN), three strong
electronic changes, which are aimed at mitigating the inequality field diatomic ligands (COs and CNs; labeled L1, L2, and L3), and an
in Fe ion charges, have already been proposed for a small2PParently vacant site in DdH, occupied by a putative (hydroxo)oxo
lecule containing two Fe centers and a semi-bridging?€0. (Q) ligand. In thls superposition, one-half of the atom:_s_of e_zach active
mo 1ng g ite are nearly identically placed, and the Ni atom position in the NiFe
The stereochemistry of the reduced structu_re reported r_\ere ancﬁydrogenase roughly matches that of the postulated N atom of the
the FTIR spectrum of the reduced state, in which an intense pytative DTN in DdH.
band at 1894 cm' (intermediate between the frequencies of

the terminal and bridging CO bands of the oxidized states) is 8toms in our electron-density maps. We have now looked into
observed, is consistent with this scheme. this problem in greater detail: in the reduced DdH model the

Sy of Cys178 is 3.1 A from the central atom (CA) of the small
molecule that we previously modeled as PDT. This short
distance and the overall stereochemistry are more compatible
with a hydrogen bond than with a van der Waals contact. If
CA were C as in PDT, the hydrogen bond would be of the type
C—H---S —, which is unlikely. Furthermore, in the CO-
inhibited DdH active site, the ligand’s O atom lieg.5 A from

CA (our unpublished results). These two observations are not
(26) Lemon, B. J.; Peters, J. Biochemistryl999 38, 12969-12973. in favor of a carbon assignment for this atom. We will speculate
(27) Nakamoto, K.Infrared and Raman Spectra of Inorganic and that the most likely alternative would be N, because a central

Coordination Compounds, Part Bth ed.: John Wiley & Sons: New York, i ; i
1997: pp 126-127. nitrogen atom would form a secondary amine that is capable

(28) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrysth of extracting the proton resulting from the hetem'ytic cleavgge
ed.; John Wiley & Sons: New York, 1997; pp 1030031. of H,.# The protein does not seem to provide such a function,

Nature of the Five-Atom Fe-Bridging Molecule. As was
previously observed, the electron density map around the active
site clearly indicates that the two Fe’s are bridged by a small
molecule composed of five covalently bonded atdfsithough
the interpretation seems unambiguous for the two sulfurs
bridging Fel and Fe2, it is not possible to distinguish crystal-
lographically between C, O, or N assignments for the three other
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because the only basic residue in the active-site cavity, Lys 237,in ways that could make the catalytic mechanisms of the two
is >4 A away from Fe2, and in addition, it forms a salt bridge types of hydrogenase more similar than we have previously
with Glu240. Our speculation is also based on the fact that a N thought.

atom different from a cyanide N was tentatively found by

ESEEM to be close to active-site Fe ion(s) in both pand Conclusions

DvH.2% Consequently, we propose the small exogenous mol- )

ecule to be a di-(thiomethyl)-amine (DTN)S—CH,—NH— In this work we report the f.uIIy reduced structure of DdH
CH,—S", not PDT as we previously suggestédrhe notion and show that the results obtained from FTIR spectroscopy are
that the secondary amine of DTN could function as a base is N @greement with our observations concerning changes at the
specially attractive, because its hydrogen atom could readily €nZyme’s active site and that Fe2 is the most likely primary
switch positions through the Walden inversion, allowing proton Nydrogen binding site. The previously observed bridging CO
transfer toward the Sof Cys178 without perturbing the active- 19and in Cplis now clearly terminally bound in reduced DdH.

site geometry. Peters and co-workers have identified a plausible!n tis respect, our own previous results concerning the Fe
proton-transfer pathway involving theySof the equivalent  Pridging ligand of this enzyme are most likely the consequence
Cys299 of CpkS This pathway, which extends all the way to of a mixture of anaerobically oxidized and reduced states. From
the protein sur;‘ace is conser\}ed in DdH both stereochemical and mechanistic considerations, we now

. . . . believe that our original assignment of the small molecule that
Comparison of the Active Site of the NiFe and Fe-Only g g

Hvd We h ready indi d that th | binds the binuclear Fe center as PDT was not correct. A DTN
lydrogenases\We have already indicated that there are several ,qqjonment, although clearly speculative, seems to make more
similarities between the active sites of Fe-only and NiFe

| ; sense to us because it contributes a base that appears to be
hydrogenases: both centers are binuclear with CO,,@GNd  gggential for the heterolytic cleavage of hydrogen. Furthermore,
S coordination; they are buried in the protein core; and putative \yhen, the reduced DdH active site structure is compared to the
hydrophobic channels connecting the molecular surface to thegqyivalent region in the NiFe hydrogenases, a remarkable
active site point at apparently vacant sites of metal centers (Ni gimilarity is found in the coordination spheres of respective Fe

in the NiFe enzymes and Fe2 in DdH and Cpl). However, no centers, including a coincidence between the putative N atom
strict stereochemical equivalences were obvious when the twogf DTN and the Ni center. The implications of this latter
kinds of active site were comparétf® In the fully reduced  gpservation are not immediately obvious and may deserve
enzyme, however, Fe2 has three terminally bound diatomic fyrther investigation.

ligands, and when optimally superimposed to the Fe center of
NiFe, the coordination spheres of the two ions are almost
identical®® In addition to the diatomic ligands, the two bridging

sulfur atoms .an.d the vacant, potential hydride binding site Acknowledgment. This work was partially supported by the
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point in time, it is difficult to elaborate on this coincidence. “cryo-bench” for UV measurements, and J. Gaillard for the EPR
However, it is clear that the thiolate-rich coordination of Ni  aeasurements.

and the CO/CN coordination of Fe in NiFe and Fe-only

hydrogenases may modulate their Lewis acid/base characteristics Note Added in Proof. H.J Fan and M.B. Hall (personal
communication) have carried out density function theory (DFT)
(29) (a) Thomann, H.; Bernardo, M.; Adams, M. W. \W.Am. Chem. calculations which indicate that a central N atom in the small

So0c.1991 113 7044-7046. (b) Van Dam, P. J.; Reijerse, E.; Hagen, W. ; : ; : :
R.Eur. J. Biochem1997 248 355-361. organic molecule of the active site provides a low energy barrier

(30) Although it is generally accepted that in the NiFe hydrogenases, and a stable product for the hydrogen heterolytic cleavage (or
there are two CNs and one CO and in DdH and Cpl two COs and one CN, formation) reaction.
the ligand trans to the putative hydride binding site would be CO in both
cases. JA0020963

Efforts to obtain well-diffracting oxidized crystals of DdH,
either aerobically or anaerobically, are under way.




