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An unresolved structural issue for [FeFe]-hydrogenases is the nature of the dithiol-bridging ligand in the diiron
subcluster of the active site. The two most probable candidates are 1,3-dithiopropane (propane dithiol, PDT) and
di-(thiomethyl)-amine (DTN). In the latter case, the dithiol-bridging ligand is assumed to play a major role in the
reaction cycle. We report density-functional theory studies of the differing roles of these dithiol-bridging ligands in
the infrared spectra of synthetic models and of computational representations of the diiron cluster of the active site.
Our analysis shows distinct spectral features associated with the dithiol-bridging NH mode for compounds having
a DTN bridge, which, however, would have been obscured by the H,0 vibrations in existing measurements. However,
if indeed nitrogen is present in the dithiol-bridging ligand, a combination of selective deuteration and chemical
inactivation with CO would create a unique signature in an accessible region of the infrared spectrum, whose
position and intensity are predicted.

I. Introduction teria, produce or consume dihydrogen as part of their

Hydrogenases (¥#se’s) are enzymes that have been the metabohc cycles. ,Ur)d(-arstandmg the structures gnd ”.‘eCha'
nisms of the Hase’s is important not only for its biological

focus of intense studies in the past decaany anaerobic . > ~ ~. . . . .
micro-organisms, such as methanogenic archaea and aceto'-mpl!Catlons bUt. also in the quest for biological or bio-
genic, nitrogen-fixing, photosynthetic, sulfate-reducing bac- inspired synthetic catalysts for hydrogen productién.

The structure of the [FeFe]-Hse (formerly known as Fe-
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Figure 1. Structure of the active site in [FeFepb&se. The dithiol-bridging
ligand containing X has been suggested to be 1,3-dithioprép@ieT,
X = CHy) or di-(thiomethyl)-amin& (DTN, X = NH).

Desulfaiibrio desulfuricansuptake Hase (DdHase). It has
a turnover ratén solutionof 10*—10° s™1, and consequently,

Zilberman et al.

which suggests the formation of a hydrogen bond. This in
turn elicited a mechanistic proposal: the nitrogen atom of
this dithiol-bridging ligand could serve as a base to bind a
proton during turnover. So far, however, there is no direct
evidence for the presence of PDT or DTN in the bridging
ligand.

Our computational methods were discussed and validated
extensively in ref 13 where we have analyzed synthetic
models of [FeFe]-khse. There we show that well-converged
calculations of energy, structure and vibrational spectra can
accurately reproduce the infrared (IR) spectra of these model

various groups have tried to design catalytic systems for systems. We were able to distinguish among various

hydrogen production that exploit either the native form of
the enzyme or synthetic analogués.

The structure of the FeFe active site is illustrated in
Figure 1. Most (but not all) structural features of the active

structural isomers, an issue of direct relevance for this paper.

In another study? we have analyzed the structure of the
CO-inhibited form of [FeFe]-khse in Cpl. We have dis-
covered via first-principles density-functional theory (DFT)

site are now well established, confirmed by several experi- calculations a previously unrecognized inconsistency between

mental techniqués’8as well as by theoretical calculatiohs!
Crystallographic studies by Peters et @n the Cpl enzyme)
and by Nicolet et at.(on the DdHase) indicate the existence
of a bridge connecting the twe-thiolates (see Figure 1),

but the resolution does not allow a conclusive determination
of its nature. Peters et al., based on their 1.8 A resolution

structure, modeled it as a water molecule. Nicolet et al., with

a more refined 1.6 A structure, identified a three-membered

chain and initially modeled it as a propane dithiol (PDT)

bridge® Later the dithiol bridge was proposed to be an

unusual dithiomethyl amid&(DTN), based on the proximity

of the central atom in the chain to a nearby cysteine sulfur,
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the presumed arrangement of the CO/CN ligands in the diiron
cluster and the experimental IR spectrum. This inconsistency
is not present for a different arrangement of these ligands
which is still consistent with the resolution of the available
X-ray studies. Our new proposed assignment, in contrast to
the presumed arrangement, is also consistent with the change
in the symmetry of the EPR signal from rhombic to axial
upon inactivation with CO. However, there are indications
that the currently accepted assignment might be the correct
one for the Cpll Hase enzymé®

Here we address the problem of identifying the dithiol-
bridging ligand via first-principles electronic-structure theory.
We report DFT studies of the IR spectra of several models
of the [FeFe]-Hase active site (shown in Figure 2). In the
first part of this paper, we analyze the IR spectra of the CO/
CN bands in the presence of a PDT, a DTN, and a protonated
DTN bridge for various possible configurations of the DTN
bridges. We show that a PDT bridge is in best agreement
with experiment. However, a DTN bridge is also in good
agreement with experiment, but only for singly protonated
nitrogen having its single NH bond in a proximal configu-
ration (see Figure 2). In the second part of the paper, we
show that compounds having a DTN bridge have a unique,
albeit not easily accessible, vibrational signature associated
with the NH stretching mode. A combination of specific
deuteration and chemical modifications of the active site,
such as inactivation with CO, should result in an accessible
IR response. In the process, we also take advantage of the
insight gained in our previous work about the new proposed
arrangement of the CO-inhibited form. Our quantitative
analysis of the DTN bridge uncovers clear distinctions
between different geometrical arrangements of the dithiol
bridge and also reveals a very important and easily accessible
low-frequency vibrational band of the NH in the protonated,
CO-inhibited form of the enzyme. We also make predictions
of the intensities of these modes.

(13) Zilberman, S.; Stiefel, E. I.; Cohen, M. H.; Car, R.Phys. Chem. B
2006 110, 7049-7057.
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Figure 2. Computational models used in our calculations. The numbers in the square parenthesis are the total charge and the total spin projection on the
z axis, respectively (see text for details). Also the distal) (&hd proximal (H) positions on the bridging nitrogen are illustrated for models C in the bottom

structure. In models B, the NH bond could either be in the distal or proximal
2 is colored in red.

The computational details are presented in Section I, and

| positions (with respect to-the §ite). The exogenous CO in models 1 and

properties to be insensitive to it. The Hessian of the energy with

Section Il contains a description of the computational respect to nuclear coordinates was constructed by finite numerical
models. In Section IV we analyze the possible manifestations displacement of each atom in sequence in all three Cartesian
of the dithiol-bridging ligand in the CO/CN region of the directions. The IR cross-section was calculated by evaluating the
infrared spectra. In Section V we analyze the IR spectra of BOmM effective charges and projecting them onto the normal modes
the NH band associated with this putative DTN ligand and to obtain the transition dipol€8 Rigid linear and rotational modes
propose an experiment aimed at identifying the band. We °©f motion were projected out by standard meth&tiand the
also analyze an unexpected low-frequency NH band and howacoustlc sum-rufé was imposed on the matrix elements of the
the CO/CN band is modified by the presence of a deuteratedBom'Charge ten;ors. _ _

DTN bridge for all possible configurations of the dithiol Our computational methods were discussed and validated

bridge and coordination of the distal Fe. We offer conclusions SXt€nsively inref 13, where we have analyzed synthetic models of
in Section VI [FeFe]-Hase. There we showed that well-converged calculations

of energy, structure, and vibrational frequencies can accurately

Il. Computational Details reproduce the IR spectra of these model systems.

We used DFT® with the PBE’ exchange and correlation
functional in a plane-wave code. The active site was shown to be
EPR® active and to possess spifh. We used spin-unrestricted Twelve different systems were examined in our study; see Figure
calculations with ultra-soft pseudopotentials for all the elements, a 2 \odels A1-A2, B1-B2, and C1-C2 are representations of the
30 Ryd kinetic energy cutoff for the pseudowavefunctions, corre- co.jnhibited form of the enzyme. As mentioned above, we argued
sponding to a 120 Ryd cutoff for the smooth part of the charge j, ref 14 that the correct arrangement of the CO/CN ligands in the
density, and a cutoff of 180 Ryd for the augmented charge density. co_inpipited form is different from the previously presumed

'(Ij'_he mgle02u5les were ;_)Iacled n a Cu:'fc pﬁr'Od'C celldof Illnealr structure, originally suggested on the basis of a qualitative analysis
Imension 25 atomic units, large enough for the computed molecular ¢y, X-ray results. In this paper models Al, B1, and C1 have the

[ll. Computational Model Systems

(16) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and

Molecules Oxford Universiy Press: New York, 1989; Vol. 16.
(17) Perdew, J. P.; Burke, K.; Ernzerhof, Fhys. Re. Lett.1997 78(7),
1396-1396. Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett.
1996 77 (18), 3865-3868.
(18) Adams, M. W. W.J. Biol. Chem.1987, 262 (31), 15054-15061.

(19) Gonze, X.; Lee, CPhys. Re. B 1997, 55 (16), 10355-10368.

(20) Wilson, E. BMolecularvibrations: The theory of infrared and Raman
vibrational spectra McGraw-Hill: New York, 1955.

(21) Pick, R. M.; Cohen, M. H.; Martin, R. MPhys. Re. B 197Q 1 (2),
910-919.
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new proposed arrangement whereas models A2, B2, and C2 have
the previously assumed arrangement. We analyzed both cases in
the current context for the sake of completeness. The structures of
models A-C resemble the diiron part of the [FeFe}ade, having

the bridging CO and the CNligands, with the Fg5, cubane
subcluster replaced by a thiol. Similar representations of the active
cluster were used in other theoretical explorations gddg!o-11
Within each group (A, B, or C) the oxidation state was Fe(ll)Fe(l)
(oxidized state) and group elements differ only by the presence or
absence of an exogenous CO ligand attached to the distal Fe (distal
with respect to the Cys-thiol) or by the arrangement of the CO/CN
ligands.

Models A contain a PDT bridging ligand; A1 and A2 are two
different representations of the CO-inhibited form, as discussed
above; and A3 is the oxidized active form of the active site, having
a vacancy on the distal Fe. Models B differ from models A by the
presence of a DTN bridging ligand. The direction of the NH bond
can either be distal to the FeFe sitg)Br proximal (B, (see Figure
2), and we shall use the notation of BB2, etc. Models C are
protonated versions of model B, having an additional proton bonded Wavenumber (cm™}
to the nitrogen on the putative DTN bridge. Given the proposed . . .

- . . Figure 3. Experimental IR spectra of the Cplyéke at 20 K, reprinted
mechanistic role of the putative DTN bridge, one cannot exclude with permission from ref 23 (Copyright 2002 American Chemical Society).

it from being in a protonated state in the IR experiments, and the A is the spectrum of the isolated oxidized enzyme, which presumably either
effect of protonation on the IR spectrum is presently unknown. We has a vacant site on the distal Fe or binds a water molecule. B is the spectrum

shall use the notation J—Bnd H) when referring to the proton in of the 2CO-inhibited oxidized Fe(ll)Fe(l) form of the enzyme. C is the

. . L . . spectrum of thé3CO-inhibited oxidized Fe(ll)Fe(l) form of the enzyme.
the distal and proximal positions, respectively (with respect to the A dashed red line marks the unchanged terminal CO band, and the two red

Fe-Fe site). arrows show the bands that shift consequent to labeling of the exogenous
In the Supporting Information we also present calculations for CO with **C.

an extension of model C2, having twa@$land one NkImolecules

placed such that they mimic the presence of nea_lrby polar residues¢.om ref 23 (Copyright 2002 American Chemical Society),
;Ziree F‘)"(’J‘Tafhgc;‘(’)"utg':‘t our predictions hold even in the presence of gy, iy the IR spectrum in the oxidized and active form
' (Figure 3A), as well as the spectrum of the CO-inhibited
IV. Signatures of the Putative PDT and DTN Bridging form (Figure 3B, C). The oxidized e}ctive form has a bridging
Ligands in the IR Spectrum of the CO/CN Bands u1-CO band at 1802 cm, two t_ermlnal CO bands at 1948
and 1971 cm?, and two terminal CN bands at 2072 and
IR studies of Hase’s have so f&?#?3focused on bands 2086 cnt?. Similarly in the CO-inhibited form there is a
of frequencies betweern1800 and 2100 crt because itis  bridging x-CO band at 1810 cm, and two terminal CN
a null region of the IR spectrum of proteiffs?®> meaning bands are at 2077 and 2095 ¢min Figure 3B we see that
that any finite response must originate from the unusual CO the three terminal CO bands are spaced such that there is a
and CN ligands of the active site. We aim in this section to single, high-frequency, high-intensity band at 2017-§m
look for clues in the CO/CN bands that would support either followed by two closely spaced lower-intensity bands at 1974
of the two putative dithiol-bridging ligands. To this end we and 1971 cm®. Comparing this spectrum with that of the
analyze two well-studied configurations of the enzyme, the 13CO-inhibited form in Figure 3C, it is evident that one band
oxidized active form (models A3, B3, and C3) and the CO- at 1971 cm? is not affected by the CO-inhibition process
inhibited form (models A1, B1, C1 in the new assignment or by the!3C labeling. Two other bands are shifted by the
and A2, B2, C2 in the old assignment). 13C labeling, as indicated by the red arrows. These observa-
Overview of the Experimental IR Spectra of the Active tions are consistent with a picture of CO-inhibition taking
and CO-Inhibited Oxidized Form. The IR spectra of the  place on the distal Fe; the two terminal CO’s on this Fe are
oxidized CO-inhibited form of [FeFe]-tdse were studied coupled, as manifested by the two bands in the labeled
by several grougg?2326focusing on the CO/CN band, with  spectrum that were shifted to lower frequencies with respect
very similar results. Figure 3 is reprinted with permission to the nonlabeled spectrum. The fixed band must be
associated with the single terminal CO on the proximal Fe;

(22) De La((:jey, A L; Stadlehr, C.; Cavazza, ?.;)Hatchikian, E. C.; it is reasonable to assume that it is remote enough to be
Fernandez, V. MJ. Am. Chem. So@00Q 122 (45), 11232-11233. . - .

(23) Chen, Z. J.,; Lemon, B. J.; Huang, S.; Swartz, D. J.; Peters, J. W,; msens!tlve to_ changes On_th_e dISt_al l_:e‘ . .
Bagley, K. A. Biochemistry2002 41 (6), 2036-2043. Manifestations of the Dithiol-Bridging Ligand in the

(24) Parker, F. SApplications of Infrared, Raman, and Resonance Raman CO-|nhibited Form. Our previous studv has shown that
Spectroscopy in Biochemistriglenum Press: New York and London,

1983. only the arrangement of the CO/CN ligands of Al produces
(25) I;_Wi‘:lrdowsléli,BJ.; ?nzeqlzfa&ﬁheh Ramaan and I\F(i ipigtgiscopy in good agreement with the available experimental IR data for
10logy an lochemistr IS HOrwooda: ew YOorkK, . s
(26) Roseboom, W.; L. De Lacey, A.; Fernandez, V. M.; Hatchikian, C. Cpl and DqHase and that the .orl'glnally presumed arrar)ge—
E.; Albracht, S. P. JJ. Biol. Inorg. Chem2006 11, 102-118. ment, as in A2 (or B2/C2), is in poor agreement with
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Figure 4. Simulated spectra (blue lines) of models of the CO-inhibited form of [FeRap#] Al, B3, B1,, and C1, in the presence of an exogent&@O
and13CO. A Gaussian width of 2 cnt is used to broaden the computational mode eigenfrequencies into bands for comparison with the observed spectra.

Dashed red lines mark terminal CO bands that are unchanged by the labeling with an exd§é@uand red arrows indicate bands that shift. The
experimental spectra (black lines) are reprinted with permission from ref 23 (Copyright 2002 American Chemical Society).

1800 1700

Table 1. Experimental Vibrational Frequencies of the CO/CN Bands and Computed Frequencies of Models,A14Band C1 in the Presence of an

Exogenous?CO or13Cr

Experimental | Model Al Model B1, | Model Bl4 Model C1
Zco 1 Bco [ 2co 1 %co 1 2co [ Bco 1 2co T °co | %co | Bco
Bridging
1810 | 1810 § 1759 | 1759 § 1731 | 1731 § 1691 | 1690 | 1743 | 1743
CO
1947 1894 1855
f 4
Terminal | 1971 /1971 | 1918 [/ 1918 | 1885 |/1886 | 1856 | 1819 | 1895 | 1858
CO’s 19747 1926 1888" 1861 | 1861 | 1905 | 1905
2017 | 2000 J 1965 | 1949 § 1931 | 1915 | 1902 | 1890 | 1937 | 1927
2077 | 2077 | 2082 | 2082 § 2046 | 2046 § 2036 | 2036 | 2023 | 2023
CN’s
2095 | 2095 | 2087 | 2088 § 2057 | 2057 § 2050 | 2050 | 2058 | 2058

aThe result of'3C labeling for each band is shown in the same line as the origf@lrequency, unless the labeling changed @neangementof
particular bands. In these cases arrows are added to point to the new positions of the shifted bands.

experiment. In particular, the original arrangement produces spectrum and experiment. Therefore, we focus now on
models A1, B1, and C1 (having the correct ligand arrange-

an incorrect isotope shift upon inactivation witCO. We

also showed that changing the dithiol-bridging ligand from ment) and examine possible manifestations of the various

PDT (A2 of the current paper) to DTN (B2f the current
paper) did not cure the discrepancy between the simulatedspectrum of the CO-inhibited form.

dithiol-bridging ligands in the CO/CN band of the IR

Inorganic Chemistry,
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Table 2. Shift in the Vibrational Frequencies of the Terminal CO’s [ ' ' . ' ]
Consequent to Inactivation withCO 3
model model model model | |
experiment Al B1, Bly C1 i - ]
proximal CO 0 0 +1 0 0 =
lower-frequency —27 -32 -33 —45 -37 Zr 1
distal 5
higher-frequency ~ —17 -16 -16 -12 -10 El & ]
distal k] &
&0 4
g
The spectra of Al, Bl and C1 are presented in Figure g1 1
4. The IR frequencies and spacing between the modes are £ A3
listed in Tables 1 and 2. Focusing on the terminal CO band,
we observe that all these models have similar qualitative 2200 18 S0 o v 700

features; thé?CO spectra contain one high-intensity band Frequency [om™ ']

separated from two closely spaced lower-frequency bands.Figure 5. Simulated spectra (blue lines) of models of the oxidized active
The isotope shift consequent to inactivation wittO has T ¢ EEEIeas P08 b o v (lack ling) is reprnted with
one fixed band (CorrGSponding mOStIy to the CO on the permission frbm ref ZCE(Copyright 2002 American Chemical pSociety).
proximal Fe) and two bands that shift. However, there are

also subtle differences that have to be considered. Model|R spectra, model C3 is the best candidate for the oxidized
Clis in the poorest qualitative agreement with experiment: gctive form of the enzyme.

the lowest and the highest frequency terminal-CO bands are  The possible presence of a doubly protonated DTN bridge
shifted when using labeledCO, whereas in the experiment s in agreement with the reaction mechanisms proposed by
the two highest frequency bands are shifted (see Figure 3)._jy and Hut There the nitrogen has an essential role in
Also, the shift of the low-frequency band is too large; see facilitating proton transfer to the distal Fe. Another proposed
Tables 1 and 2. Similar qualitative discrepancies occur for mechanis#f also takes advantage of the nitrogen to bind
model BL. Models Al and Blin contrast have qualitatively  jncoming protons.

correct isotope frequency shifts. On the one hand, the spacing  piscussion.Our analyses of the IR spectra thus implies
between the bands is generally very similar in AL and B1  that the oxidized active form agrees better with the protonated
except for the spacing between the CN bands and the terminaly T pridge (model C3), whereas the CO-inhibited form is
CO bands, which is better represented in.BIn the other  consjstent with either a DTN bridge having a single hydrogen

hand, all three models having a DTN bridge (B&1,, and bonded to the nitrogen in the proximal position (mode})B1
C1) deviate from experiment by80—130 cm* (see Table ¢ 4 PDT bridge (model Al).

1) whereas model Al has a smaller overall deviatiorrﬁp Consequently, our results so far do not provide clear
cm™. Thus, we conclude that both A1 and Bdgree with g onort for either of the putative dithiol-bridging ligands.
experiment and cannot be distinguished on the basis of theirtp g there is need for additional experimental information
respective IR spectra alone. Incidentally, the spacing between,hich distinguishes the candidates. We propose such an
the CN bands in Al is very similar to the experimental oyneriment in the next part of this paper, motivated by this

spacing in DdHasé&. S _ lack of discriminatory power in the IR spectra in the 1800
Manifestation of the Dithiol-Bridging Ligand in the 2100 cn? range.

Oxidized Active Form. The ground-state configuration of
the active state was established by Peters étaamld by V. IR Spectra of the NH Stretch in a Putative DTN
Nicolet et al.? showing that the vacancy on the distal Fe is Bridge
trans to theu-CO2” Having an agreement between two
independent studies of the structure of the oxidized active
form enables us to focus on the subtle effects of the putative
dithiol-bridging ligands.

Figure 5 shows the IR spectra of models A3,,BB3;,
and C3. All species have the same qualitative features, in

agreement with the experimental spectrum. However, the ¢, " jafinite identification of the dithiol-bridging ligand.

deviation of the simulated spectrum of C3 from experiment The most important difference between the DTN and PDT

is notably.smaller than all three other cases. The va]ues pfcases is an additional band at 34500 cn* correspond-
the experimental and computed frequencies are given in.

Table 3. The line spacing between the different peaks is, onIng to the stretching mode of the NH bond. This is a typical

. ) frequency for hydrogen stretching in amines and is a robust
average, much better represented in model C3 than in mOdE|§ocglizedymodeE/the Qc]iifferent chergnical environment in the
A and B. Thus, according to the evidence provided by the

native enzyme is expected to shift its position only slightly.
Experiments could be focused toward this particular feature

As mentioned above, IR studies otase's so fap2223
have focused on bands of frequencies betwe&B800 and
2100 cmt; it is a null region of the IR spectra of proteiffs®
meaning that any finite response must originate from the
unusual CO and CN ligands of the active site. However, this
null region extend® to ~2800 cn* and could be exploited

(27) Lemon, B. J.; Peters, J. W. Am. Chem. So@00Q 122 (15), 3793~
3794. Lemon, B. J.; Peters, J. Biochemistryl999 38 (40), 12969~
12973. (28) Armstrong, F. ACurr. Opin. Chem. Biol2004 8 (2), 133-140.
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Table 3. Experimental Vibrational Frequencies of the CO/CN Modes and Computed Frequencies of Models,AB383and C3

experimental model A3 model B3 model B3 model C3
bridging CO 1802 1710 1719 1707 1772
terminal CO’s 1948 (146) 1835 (125) 1835 (116) 1834 (127) 1904 (132)

1971 (23) 1862 (27) 1864 (29) 1860 (26) 1931 (27)
CN’s 2072 (101) 2021 (59) 2019 (55) 2021 (61) 2041 (110)

2086 (14) 2033 (12) 2036 (17) 2033 (12) 2071 (30)
average line-spacing deviation 0.0 —-15.3 —16.8 —-14.5 +3.7

aThe numbers in parentheses are the spacing between each particular band and the band of lower frequency, for each system. The last line contains the
average deviation of the band spacing from the experimental band spacing.

to detect the dlthIOI_b”dgm.g I|ge_1nd .Of the [FeFe]Zaﬁe'_ Table 4. Predicted NH and ND Frequencies for the Various DTN
There are, however, two main difficulties to overcome. First, podels
its predicted intensity is weak, roughly 1% with respect to

the highest peak of the CO band. Second, the NH band is model system NH frequency [crd ND frequency o]
located well within the OH stretching band of wateP gi‘; gggg 2451431;
(2800-3600 cnmY) and is likely to be inaccessible to standard B2q 3409 2486
measurements in an aqueous environment. Howeedzc- B2, 3437 2504

tive deuteration of this NH group would shift the band to Egi ggzg gig?

~2500 cmt. This could be achieved by allowing the enzyme

to turn over in B while suspended in ¥D (as opposed to One possible solution for the above difficulties is to take

suspending the enzyme in,0®). That frequency is conve- advantage of the fact that the NH/ND vibrations in the active
niently located in the center of the null region of the spectrum site are expected to be very sensitive to the local chemical
and could in principle be observed. The main potential environment. In particular, we direct our attention to the CO-
sources of interference would be weak vibrational bands of inhibited form of the enzyme. Chen et4lused helium-
SH moietieg®* In the polypeptide binding the active site, neon laser light to remove the exogenous CO, leaving a
12 of the 18 cysteine residues are directly ligated to Fe atoms.vacant site on the distal iron. This is a substantial chemical
Thus, most thiols are probably not protonated. Moreover, change in the active site, which is expected to affect the
as we discuss below, even if protonated SH groups arefrequencies of the NH/ND vibrations.
present, their contribution to an appropriatiference First, we focus on models B1B3 and analyze the change
spectrumshould cancel out. A similar concern might arise in the NH frequency when going from Bl or B2 to B3.
from the amide A band, the backbone NH stretch, which is Again, as stated above, we believe that the CO/CN arrange-
centered around 3300 ch However, these hydrogen atoms ment of B2 is inconsistent with Cpl and DdHase IR data,
are quite unlikely to exchange with deuterons due to the very but it might be relevant for Cpll and thus we include it in
low concentration of deuterons,™Din the solution in a our analysis for the sake of completeness.
single turn-over experiment. Moreover, even in the unlikely ~ Table 4 presents the predicted NH/ND frequencies of
event of a small number of exchanges, their contribution models B. We clearly see a strong shift to lower frequencies
will cancel out in the difference spectrum that we suggest when the exogenous CO is removed. The shift is sensitive
below. to the orienation of the ND bond: for model B1 it shifts by
Proposed Experiment and Theoretical PredictionsIf ~80 cnt?! for the distal position and by 16 crhin the
a DTN bridge is present, it is likely that the nitrogen’s lone proximal. Interestingly, for model B2 the shift trend is
pair participates in the enzymatic reactirserving to bind inverted, it is about 30 cnt when the D atom is in the distal
protons. Since the [FeFe]zbke is reversible, one could have position and by~70 cn1? in the proximal position.
the enzyme turn over in the hydrogen uptake mode with a It should be possible to obtain difference spectrum
supply of D, resulting in a deuterated dithiol-bridge. Ideally between the species with and without the exogenous CO, as
one should have a single or small number of turnovers, usingdone by Chen et af3 but in the frequency range of the
for instance rapid stopped-flow technigéfesombined with ND band. This difference is expected to be sensitive only to
proper control over the temperatéftend pH! and a low local modes in the active site, and possible contributions from
deuteron concentration. The enzyme could then be quenchedlistant SH modes or other deuterated amines should cancel
to low temperatures and the IR spectrum measured. Howeverout. Should the ND vibrational band be observed, it it would
in the unlikely event of deuteration of other amine groups be strong evidence for the presence of a DTN bridging ligand
in the protein, ‘false-positive’ signals may be detected that (or something quite similar) and also would show that it has
do not originate from the active site. a role in the mechanism of hydrogen metabolism.
(29) George, S. J.; Kurkin, S.; Thomeley, R. N. F.. Albracht, S. P. J. Next, we turn to the analysis of the prot(_)nated analogs
Biochemistry2004 43 (21), 6808-6819. Happe, R. P.; Roseboom, (NH>", NHD*, ND,") of models C+C3 (cf. Figure 2). As

W.; Albracht, S. P. JEur. J. Biochem1999 259 (3), 602-608. i i i it i i

Kurkin, S.. George, S. J.: Thoreley. R. N. F.: Albracht, S. P. J. ex.pla.lned.m Section |, it is not inconceivable that the

Biochemistry2004 43 (21), 6826-6831. bridging nitrogen would be in a protonated state. For these
(30) ?2e5l'1 D. J.; Clark, D. SBiotechnol. Bioeng1993 42 (10), 1245- models, both protons on the nitrogen are potentially labile,
(31) Sak:;{guchi, S.; Kano, K.; Ikeda, Electroanalysis2004 16 (13— and we may expect FO _Observe aldquble deuteration.

14), 1166-1171. However, due to the limits of the available knowledge of

Inorganic Chemistry, Vol. 46, No. 4, 2007 1159



Zilberman et al.

Table 5. Predicted NH/ND Vibrational Frequencies (in ch of
Models C for All Possible Deuteration Substitutions on the Bridging
Nitrogen
model C1 model C2 model C3
distal proximal distal proximal distal proximal %' 1
band band band band band band - i |
g
no deuteration 3324 2833 3345 2501 3310 3079 3 R R, + ;
distal D 2418 2836 2428 2496 2408 3083 =
proximal D 3323 2078 3344 1892 3318 2267 g Deuterated
both positions 2424 2075 2438 1892 2414 2207 £
2
Table 6. Selected Distances (A) for Models B1, C1, B2, anc®C2 I
Hd . Ra R \ .
[ 2200 2100 2000 1800 1800 1700
|’\N\Hp Frequency [om ]
1S, Figure 6. Simulated spectra of model C1 (upper panel) and the doubly
\/S\ _-COICN deuterated C1 (lower panel). A Gaussian broadening of 2'dmused.

Fep Fey A low-frequency (2075 cmt) proximal ND stretch appears upon deutera-
tion, and the distal CN stretch is shifted to lower frequency (see text for
details).

N-H, N—-Hs N—-Fe Hy—Fey Hq—Fey Hy—C
BL, 103 - 347 316 _ 22 to the C atom of the distal CN group in C1 or the exogenous
Bly - 1.02 3.41 - 4.31 - CO group in C2. The CNFeg, distance is reduced by0.1
(B:% 11-85 1.03 33435 321-25 4.34 X 31é96 A for B1, vs C1 and by~0.3 A for B2, vs C2, while the
p . - B . - . _ - .
B2y - 1.02 3.07 i 492 - Hp,—Fe distance is reduce_d by0.3 A for B1, vs C1 and by
c2 1.08 1.03 3.12 2.39 4.05 1.99 ~0.7 A for B2, vs C2. This effect is more pronounced for

2In the last column |-C is the distance between a hydrogen atom in model C2 but '? also very important for C?l. )
the proximal position and the carbon atom of the CN/CO group of closest ~ The protonation process can be described in terms of a

proximity in B1, C1 or B2, C2, respectively. partial charge transfer from electron-‘rich’ parts to the
electron-deficient protonated amine. In the Supporting
the mechanism, we cannot exclude the possibility that only Information we show that the low-frequency is the result of
one of the hydrogen atoms is labile while the other is fixed a combined electrostatic attraction and quantum-mechanical
resulting only in asingle deuteration. We have studied all lc_)verlgp between the Hand the carbon atom of the CN
possible cases; the results are summarized in Table 5. 'gand. , o
First, we see that the vibrations for the distal position are ~ Deuteration-Induced Shifts in the CO/CN Bands.An
much higher in frequency than for the proximal position due interesting _feature of Tabl_e 5is that the calllc_ulate_d frequency
to the enhanced interaction of the proximal H(D) with the ©f the proximal ND band in C1~2075 cnt’) is quite close
distal CN in model C1, the exogenous CO in model C2, or to the frequencies of the CN modes of the nondeuterated
the vacancy in model C3. Again, we see strong frequency C1 (distal CN at 2023 cnt and proximal at 2058 cn, see
shifts when changing the chemical environment. While only Table 1). Upon deuteration we calcula.te a shift of the distal
of the order of 26-30 cn for the distal band, the proximal ~ CN band from 2023 to 2016 crh(see Figure 6), due to the
band is particularly sensitive, resulting, e.g., in red-shifts of Strong coupling between the distal CN and the proximal ND
180 cntt in model C1 and 375 crm in model C2, with and to the matching frequencies. Also, an inspection of this
respect to model C3 for proximal deuteration. Another Pand clearly shows that upon deuteration it is no longer a
convenient feature of these protonated modes is an enhance?@nd arising from a localized CN mode but rather a
ment in the expected IR intensity, on the order&—10% composite band that has a contribution from the proximal
of the maximal CO band intensity, comparable to that of ND. A similar effect is present in C2, but there the exogenous
the already observed CN modg@g2.23 CO is the one coupled to the ND mode and thus we observe

Understanding the Low-Frequency Proximal NH Band. a shift in the IR band associated with one of the terminal
Table 5 shows very unusual low-lying NH modes for the CO's (not shown here). This effect is an additional IR feature

hydrogen in the proximal position: 2833 cfrfor C1 and that characterizes a DTN bridging ligand aqd could be easy
2501 cnt! for C2, compared to a typical NH frequency of to detect aftgr any exposure of the enzyme terDhe uptake
~3500 cnL. This band is the result of the unique geometry M0de, provided that the nitrogen is protonated.

of the diiron cluster in which there is a significant coupling
between the proximal hydrogen and the distal CN in C1 or
the exogenous CO in C2. This effect is further illustrated in ~ The current uncertainty in the structure of the active site
Table 6 where we present selected distances in and arounaf the [FeFe]-Hase makes it difficult to prove or disprove
the NH group and the distal Fe. When comparing C1 to the the proposed participation of the dithiol-bridging ligand in
B1,, or C2 with B2, clearly a protonated DTN species bends the reaction mechanism for hydrogen formation. In the first
slightly to bring the proximal NH be into closer proximity part of this paper we presented DFT calculations and

VI. Conclusions
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experimental spectra of the CO/CN bands, showing that oneway. We believe that these spectral signatures are accessible
cannot favor one bridging ligand over the other. However, via single-turnover experiment$gspecially when taking the

in the DTN case we showed that the oxidized active form is difference spectrurbetween the species with and without
better represented by a protonated model (C3) whereas thean exogenous CO. Such an experiment could lead to a
CO-inhibited form is better represented by a nonprotonated definitive identification of the dithiol-bridging ligand as DTN
model (B1 or B2) in which the hydrogen of the DTN is in and clarification of its role in the mechanism of hydrogen
the proximal position, suggesting that the bridging DTN is metabolism, should the predicted line shift on deuteration
protonated in the oxidized active form and loses a distal be observed.
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