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Hydrogenases display a wide range of catalytic reactivity
in reversible hydrogen gas oxidation catalysis presumably, in
part, as a result of interactions of the iron-sulfur containing
catalytic site (H-cluster) with the local protein environment.
Clostridium pasteurianum (Cp) expressed three [FeFe]-
hydrogenases that possess key differences in the H-cluster
environment and differ in their “catalytic bias” exerting a
disproportionate rate acceleration in one direction or the other
spanning a remarkable seven orders of magnitude. The
combination of high-resolution structural work, biochemical
analyses, and computational modeling demonstrates the
catalytic bias can be explained through a simple yet elegant
model involving the relative stabilization and destabilization of
different states of the catalytic active site metal cluster through
protein secondary interactions allowing it to operate under
different reduction-oxidation regimes.
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EFFECT OF DIELECTRIC ENVIRONMENT ON THE STABILITY OF H CLUSTER CATALYTIC STATES

CONCLUSIONS
The data presented herein demonstrates the impressive range over which a protein environment can selectively bias
the proton-coupled electron transfer reactivity at a catalytic metal site. The relative stabilization and destabilization
of oxidation states through second coordination sphere interactions is a simple yet elegant way to control the
direction of catalysis in oxidoreductase enzymes.
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(A) 2Fo-Fc electron density maps (blue mesh, 1.5 σ) around the H cluster and Met353 and Ser357 calculated for CpI structure using 1 Å resolution data. (B) Electron density
map (green mesh, 4.5 σ) calculated after single-wavelength anomalous diffraction experiments showing the density corresponding to the positions of sulfur and iron atoms
in the CpI structure. (C) 2Fo-Fc electron density maps (blue mesh, 1.5 σ) around the H cluster and Met353 and Ser357 calculated for CpI structure using LCLS data.
(D) Positions of Met353 and Ser357 in conformation A, or the oxidized state of H cluster. (E) Positions of Met353 and Ser357 in conformation B, or the reduced H cluster.
(F) Table with the occupancies of conformations A (A) and B (B) of Met353 and Ser357 after refinement with corresponding CpI structural datasets (Data): HR - high
resolution X-ray data; LCLS - LCLS experiments; DT - X-ray data collected from CpI crystals treated with 7 mM sodium dithionate. H cluster and amino acids are show in sticks,
the H cluster [4Fe-4S] subcluster is shown in ball and sticksColoring scheme: iron, dark red; sulfur, orange; nitrogen, blue; carbon, gray or green; oxygen, red.

CPI STRUCTURE AND ELECTRON DENSITY MAPS CALCULATED WITH 1 Å AND
THE LINAC COHERENT LIGHT SOURCE (LCLS) EXPERIMENTAL DATA

(A) Calculated equilibrium distribution of catalytic intermediates as a function of the potential for two different values of the dielectric constant (e = 4 and 10) of the
polarizable continuum embedding the H cluster. Modifying the polarity of the H cluster environment greatly affects the thermodynamic properties, in particular the pKa value
of the pendant amine and the reduction potential, with the largest effects in the range of 0 < e < 10. These effects profoundly change the relative stability of catalytic
intermediates. A higher dielectric constant (e =10) stabilizes Hsred, HredH+, and Hox, whereas a lower constant (e =4) favors HredH+ and Hsox. (B) Models of the catalytic
mechanism of CpII (blue arrows) and CpIII (red arrows) for H2 oxidation versus proton reduction, respectively. The preference for catalytic direction is indicated by the
arrowheads, and is based on the redox states that were identified by EPR and FTIR, where reaction intermediates are proposed based on DFT models.

Molecular structure of the H cluster (ball and stick representation) within its
surrounding protein coordination environment (grey stick representation) and
proposed catalytic reaction mechanism based on oxidized (Hox), 1-electron
reduced (Hred), and 2-electron reduced (Hhyd) states. (A) The protein
environment around the H cluster of CpI. The amino acids (shown in grey stick
representation) located in hydrogen bonding distances (in Å) from the H cluster.
(B) is 90° rotation from (A). The distances are shown in dotted lines. Coloring
scheme: iron, dark red; sulfur, orange; nitrogen, blue; carbon, gray or green;
oxygen, red.

Overall structure of [FeFe]-hydrogenase from C. pasteurianum (CpI)
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Comparisons of [FeFe]-hydrogenase
H cluster environments and reaction rates. 

Magnified view of the H cluster and outer coordination sphere of CpI, CpII and CpIII based on homology models to the X-ray structure of CpI (PDB: 3C8Y). (Color scheme:
Fe: rust, S: yellow, C: white, N: blue, O: red. The H cluster binding motifs are identified as L1, L3 and L3, and highlight key differences among the hydrogenases (dotted
arrows). Kinetic values for CpII and CpIII showing the turnover frequencies (kcat) for proton reduction (H2 gas production) and H2 oxidation, and ratio values of the rates.

EPR (left) and FTIR (right) spectra of CpII and CpIII

(A) Oxidized CpII (EPR, T = 40 K microwave power = 0.1 mW) or (B) Reduced CpII (EPR, T = 4 K for the dashed line and 10 K for the solid line, microwave power = 1 mW). (C) 
Oxidized CpIII (EPR, T = 15 K, microwave power = 1 mW). (D) Reduced CpIII (EPR, T = 15 K, microwave power = 1 mW). FTIR spectra were collected at room temperature (295 K). 
The EPR spectra of reduced CpII and CpIII (B and D) also show contributions assigned to non-H cluster components (orange labels). The schemes on the right depict reaction 
models of the spectral observations. Reduction of CpII induces a redox transition from Hox (A, black labels) to a mixture of oxidation states consisting of Hred and Hsred (B, red and 
green labels, respectively). In contrast, reduction of CpIII induces a transition from Hsox state (C, blue labels) to a mixture of oxidation states consisting of Hsox, Hox and Hred (D, 
blue, black and red labels, respectively).
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