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10 Introduction

Iron containing metalloproteins play key roles in many
important biochemical processes. Our research focuses on
two critical iron-sulfur enzymes-nitrogenase and
hydrogenase. Nitrogenase (N,ase) catalyzes the reduction
of dinitrogen to ammonia and this biological ammonia
synthesis is responsible for about half of the protein
available for human consumptiort 15, Hydrogenase
(H,ase) catalyzes the evolution (or consumption) of
dihydrogen. H,, catalysis is crucial for the metabolism of
many anaerobic organisms, and knowledge about the
mechanism of H, evolution may prove critical for a
future hydrogen economy™ 22 . Although scientists have
studied N,ase and H,ase for along time, with significant
progress especially after crystal structures of these
metalloenzymes came out in 1990s (Figure 1), there are
still lots of fundamental questions left such as where
substrates bind and interact with these proteins and how
structures of active sites change during the course of
catalytic cycle.

Nuclear resonance vibrational spectroscopy (NRVS) is
a relatively new technique that became available as a
spectroscopic method because of third generation
synchrotron source and development of x-ray optics with
sub-meV resolution™ 82 | It involves scanning an
extremely monochromatic x-ray beam through a nuclear
resonance. Apart from the familiat zero phonon’
M 6ssbauer resonance, there are additional transitions that
correspond to nuclear excitation in combination with
excitation (Stokes) or de-excitation (anti-Stokes) of
vibrational modes. The measurement technique exploits
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the relatively long lifetime of the nuclear excitation,
along with the pulsed nature of the synchrotron source,
by electronically gating on Fe Ka emission that occurs
following internal conversion in between synchrotron
pulses. Compared to other well-established vibrational
spectroscopic techniques such as infrared spectroscopy
and Raman scattering, the biggest advantage of NRVSis
its site selectivity. NRVS is only sensitive to vibrations
of Méssbauer nuclei (in our case, °’Fe). It means now we
can observe vibrations of Fe atoms at the active site of
N,ase and H.,ase while ignoring interference from other
part of proteins.

The goal of our program is to use NRVS to answer
structural and dynamical issues of these proteins that are
beyond the reach of other methods. We expect to have
better understanding of (&) the structure and dynamics of
N,ase and H,ase, (b) how these enzymes are
biosynthesized and ultimately (c) their molecular
mechanism of catalysis. Thisinformation may eventually
prove useful for development of synthetic small
moleculé mimics' that can catalyze the same reactions.

200 Experimental

5’Fe NRV'S spectra were recorded using published
procedures at Beamline 09-XU at SPring-8, Japan- 7Y .
During the 3-year period of this long-term proposal,
improvements were achieved on both high heat-load pre-
monochromator and high resolution monochromator.
Experimental resolution was improved from 3.5meV to
1.1meV that is proving sufficient to resolve most of the
NRVS details. The flux was ~3x 10° in a 1.1meV
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Figure1d Bioinorganic chemist's view of N,ase and H,ase. Left to right : clusters in (a) Mo N,ase” 3", (b) [NiFe]
H,ase, including distal’ {, medial’ , and proximal’ Fe-S clusters” 4", (c) C. pasteurianum [FeFe] H,ase 55 .
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Figure20 Left© Pymol' representation of oxidized Pf Rd, including sticks for cysteine residues, illustrating exposed
location of Fe site (red). Right* Crystalmaker’ close-up of Fe site showing slight compression of Fe-SCys8 and
Fe-SCys41 bonds and distinction betweenl] 90° FeSCC dihedral angles for' exposed’ cysteines and[] 180°
FeSCC dihedral angles fort' buried’ cysteines (PDB code 1BRF).

bandwidth, using aliquid nitrogen-cooled Si(1,1,1) double
crystal monochromator followed by asymmetrically cut
Ge(4,2,2) and two Si(9,7,5) crystals. During NRVS
measurements, samples were maintained at low
temperatures using liquid He cryostats. Temperatures were
calculated using the ratio of anti-Stokes to Stokes intensity
according to: S-E) = SE)exp(-E/KT). Nuclear fluorescence
and Fe K fluorescence (from internal conversion) were
recorded with an APD array at SPring-8- 8- .

30 Results
3.1 Rubredoxin

Rubredoxins are small ([0 50 amino acid) electron-
transfer proteins that contain a single Fe(S-cys), redox
center™ 99 | Apart from their role in specific biological
catalytic reactions, rubredoxins serve as model systems
for understanding the factors that determine reduction
potentials in metalloprotein. High-resolution x-ray
crystal structures of different rubredoxins all reveal a
roughly tetrahedral FeS, site, often described as
approaching D,y symmetry via a compression along an
S, axis (Figure 2). In Pf Rd, this distortion results in 2
compressed ([0 103+ 1°) (Cys5S-Fe-SCys41 and
Cys8S-Fe-SCys41) and 4 expanded ([0 111-114° ) S-Fe-
S angles; there are also 2 shorter Fe-S bond lengths
(2.25-2.26A) (Fe-SCys8 and Fe-SCys41) and 2 slightly
longer Fe-S bonds (2.28-2.30A) (Fe-SCys5 and Fe-

SCys38)- 100,
The dynamical properties of the oxidized and reduced
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Fe sites play an important role in the redox properties of
rubredoxins. Previous Resonance Raman work had
shown an asymmetric Fe-S stretch region divided into 3
bands near 350-370cm ™1™ 115 and in our Raman spectra
we observed these and additional bands out to 440cm™.
The NRVS was very broad in this region, suggesting that
stretching modes are strongly coupled with protein side
chain motion. A model with 5-atom chains extending
from the Fe site was required to quantitatively reproduce
the Fe-S stretch region-quite similar to Goddard's

chromophore in protein’ model. In the reduced
rubredoxin, strong asymmetric Fe-S modes were shifted
to 300-320cmL. This is the first observation of Fe-S
stretching modes in a reduced Rd™ 125,

Very recently, we have preformed our first single
crystal NRV'S measurements on a rubredoxin crystal.
Large (Imm?) crystals were grown in collaboration with
Prof. Robert Bau (University of Southern California).
The data are excellent and clearly show an orientation
dependence in the Fe-S stretches (Figure 3). We are
proposing that the higher frequency stretching modes are
associated with the shorter Fe-S bond lengths.

3.2 Nitrogenase

Biological nitrogen fixation, involving reduction of
dinitrogen to ammonia, is the key reaction in the nitrogen
cycle” 10, In Azotobacter vinelandii (Av) the Mo-
dependent nitrogenase (N,ase) consists of two
metallproteins: Fe protein (Av2) and MoFe protein (Avl)
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Figure30O Orientation dependent NRVS spectra of
rubredoxin single crystal.

Figure4[ Cartoon representation of the nitrogenase
complex. Top and bottom are Fe proteins (yellow
and orange) ; middle is MoFe protein (blue and
green). (PDB 1G21)

(Figure 4). The O 63kDa Fe protein is a dimer of two
identical subunits bridged by a single [4Fe-4S] cluster. In
addition to binding the [4Fe-4S] cluster, the second
principal functional feature of the Fe-protein is to bind
nucleotides, MgATP and MgADP. During catalysis, the
Fe protein provides electrons to MoFe protein in a
MgATP-dependent reaction and is the only know
reductant that will support substrate reduction by the
MoFe protein. The 0 230kDa MoFe protein is composed

of two identical dimers (o ,3 ,) that each consist of two
different metal clusters, the iron-molybdenum cofactor
(FeMo-co) and the P cluster. The FeMo-cofactor, which
locates in a cleft of the a-subunit, is the active center
where substrates bind and react with the enzyme and can
be extracted into organic solvent. The P-cluster is buried
at the interface between a -subunit and 3 -subunit and is
believed to be the first electron acceptor from Fe-protein
and transport electrons to the FeMo-cofactor™ 130,

A recent structure for Avl at 1.16A resolution™ 3J
revealed electron density at the center of the trigonal
prismatic cage of Fe atoms in the FeMo-cofactor, and
hence an overall MoFe,SyX core cluster composition. The
electron density is consistent with alight (C, N, or O) atom.
Characterization of the interstitial atom is essentia for
understanding both the biosynthesis of the FeMo-cofactor
and the mechanism of nitrogenase. We have used NRV'S
to study the dynamics of the Fe-S clusters in nitrogenase.
The catalytic site FeMo-cofactor exhibits a strong signal
near 190cm, where conventional Fe-S clusters have
weak NRVS (Figure 5). This intensity is ascribed to
cluster breathing modes whose frequency is raised by an
interstitial atom. A variety of Fe-S stretching modes are
also observed between 250 and 400cmL. This work is
the first spectroscopic information about the vibrational
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Figure50] Experimental 5’Fe PVDOS functions,Dg, (V') ,
for (top to bottom) (a) Avl (——) vs.A nifE Avl (——)
; (b) AvI-A nifE:Avl difference spectrum (——) vs.
isolated FeMoco (...... ).
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Figure60 Active site structure of NiFe H,ase from D.gigas (left); Active site structure of FeFe H,ase from D.
deculfuricans (middle); and Model of the active site structure of Hmd H,ase from M. marburgensis (right).

modes of the intact nitrogenase FeMo-cofactor and P-
cluster and support the presence of an interstitial atom in
both isolated FeMoco and in the Avl-bound FeMo-
cofactor™ 140,

3.3 Hydrogenase

Hydrogen (H,) metabolism occurs in a large variety of
micro-organisms, such as methanogenic, sulfate-reducing,
fermentative, nitrogen-fixing, photosynthetic bacteria,
where H,, activation is catalyzed by hydrogenases (H.,ases)
following the reaction : H, <=> 2H*+2¢". H,ases are among
the most efficient H,, catalysts known, with turn over rate
ranging up to 6000 molecules of H, per second” 1° .
There are three classes of H,ases[] [NiFe] H,ases” 4~
(including a [NiFeSe] subset), [FeFe] H,ases™' ", and
Fe-S cluster-free H,ases (Hmd)™ 167 . [NiFe] Hases,
which contain Ni-Fe dinuclear catalytic center, are mostly
involved in H, oxidation, while [FeFe] H,ases, which
contain Fe-Fe dinuclear catalytic center, are mostly
involved in H, production. Hmd H,ases, which were
thought to bé meta free' , are now found to have a Fe
mononuclear catalytic center. The enzymes catalyze the
reversible reduction of methenyltetrahydromethanopterin
(methenyl-H,MPT) to methylene-H,MPT using H,. The
comparison of the active site structures (Figure 6) of the
three types of H,ases has revealed common features,
which is the Fe sites are all terminally bound with
nonprotein hexogenous diatomic ligands CO and/or CN".
This is an indication of convergent evolution, and the
structure similarities are most probably essential for an
efficient activation of H,. During this long-term proposal
period, we have studied the active sites of these three
types of H,ases in different enzyme states using NRVS
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aong with some inorganic model complexes.

3.3.1 Hmd H,ase

The Hmd H,ase we studied is from the methanogenic
archaeon Methanothermobacter marburgenss (DSMZ2133).
The structure of the active site is not yet known, the
recent IR 175, Mossbauer 182, and EXAFS 19Uspectra
revealed that the active site contains one low spin Fe
(Fe(0) or Fe([O)), one S from cysteine, two CO ligands
and one N from pyridone cofactor, also a possible vacant
sSite.

We have examined the as-isolated Hmd H,ase at pH8,
the H,0 exchanged Hmd H,ase at pH8, and the Hmd
H,ase under the presence of H, and methenyl-H4AMPT+
at pH6. The pH8 state is thought to be enzyme resting
state; the pH6 state is thought to be active state. The
NRV'S spectra are shown in Figure 7, they have been
interpreted by comparison with a cis-(CO),-ligated Fe
model complex (Figure 7) as well as by normal mode
simulations of a plausible 5-coordinated active site
structure. The simulation on the as-isolated pH8 Hmd
supports a cis-(CO), geometry for the active site of Hmd
protein, also it gives further insight into the dynamics of
the Fe site, revealing Fe-CO stretch and Fe-CO bend
modes at 494, 562, 590, and 648cmL. The NRVS also
reveals a band assigned to Fe-S stretching motion at
0 311cmL, which is observed in all Hmd samples we
examined. A pesk at0] 379cm? is tentatively assigned to
abound water or hydroxide ligand., which is clearly seen
in the pH8 and pH6 spectra, but it is significantly weaker
in the H,180 spectrum. We also find from the
simulations that the cysteine and the pyridone ring
motions definitely have noticeable contributions to the
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Figure70 Top : NRVS PVDOS for (a) as-isolated Hmd in
50mM Tricine/NaOH buffer at pH8,(b) as-isolated
Hmd 50mM Tricine/NaOH buffer exchanged in180
water at pH8, (c) Hmd in 50mM Mes-NaOH buffer
under the presence of H, and methenyl-H4MPT"at
pH6.0; Bottom: NRVS PVDOS of mononuclear cis-
(CO), complex (Inset is the structure of this complex).

NRV'S spectrum, and can influence the overall shape of
the spectrum, especially for the low frequency region.

Application of the NRVS technique to the Hmd
protein has allowed us for the first time to observe the
dynamics of the Fe-CO bending and stretching motion.
However, since we do not have exact structure for the
active site at this moment, we will wait for the crysta
structure of Hmd holo-enzyme to obtain detail
simulations on the Hmd NRV'S.

3.3.2 [NiFe] and [FeFe] H,ases

For [NiFe] and [FeFe] H,ases study, we still focused
on revealing structure and vibrational dynamics on the
Fe center of the active centers. We started from two
dinuclear Fe model complexes of the [FeFe] H,ase
active site, [NEt,][Fe(S,C4Hg)(Y°CN),(CO),] and
[NEt,][Fe(S,C3Hg) (F3CN),(CO),]- 28 (Figure 8). The
features between 500cm and 670cmt in both NRVS
spectra were contributed mainly from Fe-CO stretching
and bending motions. The clearly shift of the features

between 400cm ! and 500cm! was due to 2C/13C
isotope shift on CN- ligands, also we observed Fe-S
motions around 300cm™® and Fe-Fe stretching motion at
0 200cmL. These findings are consistent with the
published resonant Raman spectra of the same model
complexes 210,

For the real enzyme samples, we have measured the
first spectra of the as-isolated [NiFe] H,ase from
Desulfovibrio vulgaris Miyazaki F and the as-isolated
[FeFe] H,ase from Clostridium acetobutylicum using
NRVS (Figure 8). Both [NiFe] and [FeFe] H,ases have
more than 10 Fe atoms in each protein molecule. Only
one Fe atom for [NiFe] H,ase and two Fe atoms for
[FeFe] H,ase at the active centers, other Fe atoms within
each molecule are belong to FeS clusters, which involve
in electron transfer pathway during the enzyme catalysis.
From Figure 8, we can see that the features with large
intensities between 100cmt and 420cm 1 were mainly
contributed from those FeS clusters, which can be
compared with our NRV'S spectrum of 4Fe ferridoxin.
4Fe ferridoxin contains one 4Fe4S cluster in each
molecule. The tremendous Fe sites prevent us from detall
study on the active site Fe center of both [NiFe] and
[FeFe] Hoases.

However, the current results do provide us with useful
information. Comparing with the model complex studies

PVDOS (cm)

n 'l I L 1 " AL
0 100 200 300 400 500 600 700
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Figure80 NRVS PVDOS of (a)[NEt,][Fe(S,C4Hg)(*2CN),(CO),],(b)
[NEt,][Fe(S,C3Hg)(13CN),(CO),],(c)as-isolated NiFe H,ase
from Desulfovibrio vulgaris Miyazaki F,(d)as-isolated FeFe
H,ase from Clostridium acetobutylicum ; Inset is the structure
of Fe(S,C4Hg)(CN),(CO) .
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and Hmd Hase studies, the features between 500cm*
and 620cmt in [NiFe] H,ase spectrum and the features
between 480cm ! and 600cm™ in [FeFe] H,ase spectrum
were possible Fe-CO stretching and bending motions
contributed from Fe center of the active sites, while the
features between 420cm™ and 500cm™ in [NiFe] H,ase
spectrum and the features between 420cm™® and 480cm!
in [FeFe] H,ase spectrum were possible Fe-CN
stretching and bending motions.

Since we have aready obtained promising results on
rubredoxin crystals using NRVS mentioned in Section
3.1, we are now trying to get H,ase crystals to perform
crystal NRVS. In this way, we can selectively excite the
vibrational modes from Fe centers at the H,ase active
sites, then more clear spectra on the Fe centers can be
obtained, and detailed studies can be conducted.
Combined with isotopic labeling of ligands at the active
sites, characterization on the structure and dynamics of
the H,ase active sites using NRV S is well possible.

40 Summary

The results presented above illustrate that NRV'S has a
role to play in the ever increasingly complex attack on
unraveling the secrets of metalloenzymes, and no doubt
with continued future development will become more
routine and readily available. In the future, we will
pursue our single crystal work on nitrogenase and NiFe
hydrogenase as well as FeMoco biosynthesis work. As
and when it becomes available on BLO9XU, we intend to
use INi NRVS of appropriate Ni models and eventually
NiFe H,ase and other Ni proteins. A site-selective probe
of Ni center vibration modes will be very useful and
should allow major advances in understanding Ni
biochemistry.
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