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The basis of the chemiosmotic theory is that energy from light or
respiration is used to generate a trans-membrane proton
gradient'. This is largely achieved by membrane-spanning
enzymes known as ‘proton pumps”~. There is intense interest
in experiments which reveal, at the molecular level, how protons
are drawn through proteins®">.Here we report the mechanism, at
atomic resolution, for a single long-range electron-coupled
proton transfer. In Azotobacter vinelandii ferredoxin I, reduction
of a buried iron-sulphur cluster draws in a solvent proton,
whereas re-oxidation is ‘gated’ by proton release to the solvent.
Studies of this ‘proton-transferring module’ by fast-scan protein
film voltammetry, high-resolution crystallography, site-directed
mutagenesis and molecular dynamics, reveal that proton transfer
is exquisitely sensitive to the position and pK of a single amino
acid. The proton is delivered through the protein matrix by rapid
penetrative excursions of the side-chain carboxylate of a surface

Box 1
Sequential electron and proton transfers at the [3fe-45]
cluster in ferredoxin |

Schemel, Sequence of electron and proton transfers defining the redox
chemistry of the [8Fe—4S] cluster in Ferredoxin |. Electron transfers
(standard first-order electrochemical rate constant, ko) are fast, and E is
the reduction potential if pH > pKguster-
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Scheme Il, Sequence by which proton transfer to the cluster is
catalysed by Asp 15 (B). Fast proton transfer (species highlighted in blue)
is pH dependent, and protonation constants of Asp 15 are sensitive to
cluster charge. At low pH, Asp 15 re-protonates (Ky), thus inhibiting
proton transfer off the cluster. For native A. vinelandli Fdl, pKoy = 5.4. See
Table | for rate expressions.
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residue (Asp 15), whose pK shifts in response to the electrostatic
charge on the iron-sulphur cluster. Our analysis defines the
structural, dynamic and energetic requirements for proton courier
groups in redox-driven proton-pumping enzymes.

Current studies of proton-pumping enzymes such as bacterio-
rhodopsin and cytochrome ¢ oxidase are revealing the existence of
‘proton wires’ comprising chains of water molecules and proto-
natable amino-acid side-chains’®™'">. Apart from water channels,
which provide natural proton conductors', transfer of protons is
heavily restricted by their short tunnelling distance; thus, whereas
electrons may easily tunnel 10 A, a proton with comparable energy is
limited to hops of less than 0.25 A5, This restriction can be used,
along with barriers imposed by pK differences between proton
donors and acceptors'®, to control proton flow in response to
electron-transfer events at nearby redox sites’'>. However, proton
pumps are complex membrane-bound enzymes and mechanistic
details are difficult to analyse coherently. We now report conclusive
studies of the mechanism of redox-driven proton transfer between
solvent and a buried iron—sulphur cluster ([3Fe—4S]) in ferredoxin
I (FdI) from A. vinelandii. This small protein provides an electron/
proton-transfer ‘module’ with which to understand the redox-
linked proton-transferring components of the larger enzymes'".
A major advantage of the FdI system is that native and mutant
structures are known to high structural resolution in all

Figure 1 The residues in the vicinity of the [3Fe—4S] cluster in oxidized native Azotobacter
vinelandii Ferredoxin |, taken from coordinates 7FD1. The upper frame shows the side
chains of residues that were varied in this study, and indicates the separation (in /3)
between D15 03, and S1, the least buried ., sulphide of [3Fe—4S]. Only the major
conformation of the K84 side chain is shown (68% occupancy). The lower frame shows
the same view, onto which is superimposed the solvent-accessible surface (calculated
with a 1.4 A probe). The carboxylate 03 atoms of D15 and E18, and NC of K84 are solvent
exposed. The Lys 84 side chain adopts two conformations in the oxidized native protein,
as shown by the pH 8.5 structure (Protein data bank (PDB) code 7FD1, ref. 22) where
these have 68% and 32% relative occupancies and (K84)N{—(D15)03, distances of 3.6 A
and 3.1 A respectively. The Glu 18 side chain is disordered (@anomalously high B values).
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relevant oxidation and protonation states® . Importantly, FdI can
be studied by fast-scan protein film voltammetry, a technique able
to reveal, in detail, the bi-directional kinetics of coupled proton—
electron-transfer reactions and their relation to thermodynamics'>*
(See Supplementary Information).

Scheme I (Box 1) shows the bi-directional proton transfer that
accompanies fast electron transfer to the [3Fe—45] L0 Juster of FdL
Reduction drives a proton onto the cluster (k,,), while its reoxi-
dation is ‘gated’ by proton release (k.g). Scheme I stems from
numerous lines of evidence. The [3Fe—45]"""° reduction potential
is pH-dependent, and one proton is taken up in the reduced state
(pKepuster = 7-8)"*%. This uptake can be observed spectroscopically:
thus, circular dichroism and magnetic circular dichroism spectra of
oxidized FdI (spin-state (S) = 1/2) are independent of pH, whereas
the one-electron reduced FdI ([3Fe—4S]°, S = 2) shows an acid—base
transition*. The X-ray structures of oxidized and reduced FdI at
high and low pH eliminate the possibility that the pH-dependent
spectral changes are due to ligand exchange and/or structural
rearrangements”. Site-directed mutagenesis has established that
the spectral changes are not due to protonation of the nearest
ionizable residue (Asp15)", while Mossbauer spectroscopy has
revealed that protonation perturbs the electronic structure of the
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cluster”. The obvious protonation site is a p, sulphide (one of the
three cluster sulphur atoms with a free coordination site).

Figure 1 shows the region above the buried [3Fe—4S] cluster, both
within the protein and looking down on the surface. Even at highest
resolution (1.4 A), the crystal structures, and NMR on a related
protein®, reveal no internal water molecules (or accommodating
spaces) to act as proton-transfer agents'**°~*2, The starting point for
this study is the mutant (DI15N) in which Asp15, the closest
ionizable residue, which moves upon cluster reduction®, is changed
to Asn". Protein film voltammetry showed that proton coupling is
severely retarded in D15N FdI, indicating that the carboxylate acts
as a proton relay group'>". However, in the native protein, Asp 15 is
salt-bridged to Lys 84, raising the possibility of proton migration
across the bridge. In addition, the highly mobile side chain of a
second surface carboxylate residue, Glu 18, lies close by.

With the ability to make extensive kinetic, thermodynamic and
structural measurements, we designed several new mutants. Figure 2
shows the arrangements of cluster-region amino acids for all
variants, with distances between relevant atoms and the ., sulphide
(S1) situated closest to the protein surface. Circular dichroism
spectroscopy confirmed that protonation of [3Fe—4S]° occurs
in all cases. Table 1 displays the corresponding kinetic and
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Figure 2 Structures of the various mutant forms of Fdl in the region of interest, compared
with the structure of oxidized native Fdl. Side chains for the native protein are shown in
blue and those altered by mutagenesis in yellow. Where X-ray structures are available, the
positions of the other residues in the mutant proteins are shown in red. All distances are
given in angstroms and where lines are not shown the number refers to the distance

between the indicated residue and S1. Structures have been solved for D15N (PDB code

1FDD, ref. 19), D15K/K84D (PDB code 1BOT), D15E (PDB code 1D3W) and T14C (PDB
code 1A6L, ref. 27). Crystals have not been obtained for K84Q or E18Q: these structures
were modelled using the Insight ll/Biopolymer program from Molecular Simulations for
which the native oxidized structure (1.35 A, PDB code 7FD1) was substituted with the
desired mutant residue at the program-assigned minimum energy orientation.

Table 1 Kinetic and thermodynamic parameters for ‘on’ and ‘off’ proton transfers

Fast Ea\k (V) ch\usler ch\us(er kon(’\/r1 Siw)* koﬂ(sq)* pKW pKZ kg‘r)wp(Sq) kggp(st)
(high pH) (low pH) (PH 7.0) (PH 7.0)

Native -0.443 7.8 * 0.1 6.5+ 0.1 7.9x10° 308 7.2*+01 59+ 0.1 1,294 = 100 332 =25

E18Q -0.453 7.7 +0.1 6.7 = 0.1 4.8x10° 207 7.1 +01 6.1 =0.1 930 + 90 230 £ 25

T14C -0.464 8.4 +0.1 7.1 +01 6.6 x10° 207 8.0+ 0.1 6.7 = 0.1 720 £ 70 310 £ 25

K84Q -0.476 81 +0.1 6.6 = 0.1 9.0x10° 232 7.4 +01 59*0.1 1,252 = 100 250 £ 25

Native (D,0) -0.443 7.8 * 0.1 6.5+ 0.1 6.0x10° 222 7.2+01 59*0.1 970 + 100 240 £ 25

Slow Eak (V) PKouster Kon(M™'s™) Kott (s7)

D156N -0.408 6.9+ 0.1 2.0x 10 25*0.1

D16K-K84D -0.397 6.6 = 0.1 1.2x10’ 3.0+ 0.1

D15E -0.388 6.7 = 0.1 2.0x 107 45*=0.2

All terms are as defined in Schemes | and |l
hop

*For the fast reactions, interpreted in terms of Scheme I, k., = KIP/([H*] + K ;) and k oy = kDPK,/([H* 1 + K,). Agreement with the simple bimolecular rate law of Scheme | requires consideration of the fact
that interaction with Asp 15 causes the pK of the cluster to differ at high and low pH. In all cases ko, the standard first-order electrochemical rate constant for electron exchange at the reduction potential, is
>200s™"; the exponential increase in rate that ocours as a driving force is applied means that electron transfer is never rate limiting.
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thermodynamic parameters for ‘on’ and ‘off’ proton transfers,
defined according to Schemes I and II (Box 1), and measured by
protein film cyclic voltammetry. In all cases, reduction involves
electron transfer followed by proton transfer, whereas oxidation
requires that proton transfer precede electron transfer, that is, the
two processes do not occur in concert. Electron transfer is very fast
and is clearly separated from proton transfer.

The mutants fall sharply into two categories with respect to
proton-transfer kinetics—‘slow’ and ‘fast’ —with rates differing by
three orders of magnitude. The kinetics of the ‘slow’ mutants are
simple and pH-independent (they are described adequately by
Scheme I) and rates are similar in each case. By contrast, the ‘fast’
mutants show a complex pH dependence (Scheme II) with second-
order ‘on’ rate constants approaching diffusion control at pH 7.

Referring to Fig. 2, the following facts are established. The D15N
mutation replaces the carboxylate by carbamide and the slow
proton-transfer rate is consistent with loss of a protonatable
group (base B) which acts as a proton relay (Scheme II)'>".
However, the mutation also disrupts the salt bridge between the
Asp 15 carboxylate and a surface lysine (Lys 84)". In addition, the
side chain of Glu 18 shifts, although the change is less-defined due to
disorder. In the mutant K84Q, Lys 84 is changed to a residue (Gln)
that cannot form a salt-bridge to Asp 15. The fast proton-transfer
kinetics demonstrate that it is the presence of the carboxylate and
not the salt-bridge that is important. The double mutant D15K/
K84D was designed to invert the salt-bridge orientation; however,
the salt-bridge does not form. Proton transfer is slow, as it is in
D15N, showing that the introduced Asp 84 side chain is incorrectly
placed to function as a proton-transfer group and that lysine cannot
substitute for aspartate at position 15. The possibility that Glu 18
facilitates proton transfer was eliminated by the mutant E18Q,
which has very similar rates to the native protein. Experiments with
D15E finally established the critical nature of the distance between
the cluster and the carboxylate at position 15. Insertion of a single
CH, group in the side chain (which increases the distance by
approximately 2 A) retards proton transfer as much as deletion of
the carboxylate altogether (Table I). The T14C mutant has a
polarizable S atom within the sphere of influence of the cluster
and raises the cluster pK while the position of the carboxylate is not
significantly changed”. The native proton-transfer kinetics are
retained, confirming that they are dependent solely on the position
of the carboxylate.

The exacting requirement for Asp 15 is thus demonstrated,
leading to a detailed model for the mechanism of proton transfer
between water at the protein surface and the buried redox centre.
The data in Table 1 show that the H,O/D,0 isotope effect for the
native protein is small (approximately 1.3), and reveal (from the
interdependence of respective pK values) that there are significant
electrostatic interactions between the cluster and Asp 15. As shown
in Fig. 3a, electron transfer drives rotation of the Asp 15 carboxylate
about the CB—Cy bond and increases the O3 to S1 distance from
4.7 Ato 4.9 A, in accordance with the less favourable electrostatics®.
More significantly, the pK of the carboxylate increases to 7.2
compared with 5.4 in the oxidized ([3Fe—4S]'") state (pKox in
Scheme II), thus promoting proton capture from solvent water'®. It
is important to note that a sizeable, transient shift in pK value is
essential for fitting the data. After the proton has transferred to the
cluster, the pK drops back to 5.9, and the X-ray structure of the
reduced protein at pH 6.1 reveals that the Asp 15 carboxylate reverts
towards its position in the oxidized form®. This ‘relaxation’ is
expected because the [3Fe—4S]°-H" cluster has the same electrical
charge as the oxidized [3Fe—4S]"* cluster.

To explain how Asp 15 mediates such fast proton transfer, it is
necessary to ascertain whether a proton that has transferred from
solvent to a carboxylate O atom can then be carried easily to within
hydrogen-bonding distance of the cluster S1 atom®. We therefore
carried out molecular dynamics calculations to study the mobility
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of the state in which the reduced cluster is unprotonated while
Asp 15 is protonated and thus no longer repelled by the increased
negative charge on the cluster. The results reveal that the Asp 15 side
chain is very mobile, executing a high frequency of short-range
encounters between O3 and S1 atoms (Fig. 3b). Thus, within 80 ps,
an Od atom makes one excursion to 3.05 A (Fig. 3¢), well within the
sum of van der Waals radii, and five other excursions to distances
less than 4 A. The motions of the side-chain carboxyl/carboxylate
group thus convey H' between solvent and reduced cluster, accom-
plishing ‘atom-to-atom’ transfer across this hydrophobic barrier.
Cluster deprotonation occurs by reversal of these steps, noting
that at pH < 5.9, protonation of Asp 15 inhibits proton transfer off
the cluster.

In conclusion, fast proton transfer in FdI requires the presence of
Asp 15 and rapid penetrative excursions of its side-chain carboxyl/
carboxylate to within hydrogen-bonding distance of the cluster. Our
experiments, which combine detailed kinetic and thermodynamic
data for a series of mutants with molecular dynamics based on high-
resolution protein crystal structures, highlight the exacting specifi-
cations that must be met for proton-pumping motifs in enzymes®~
The pK values of the proton-relaying carboxylate and the buried
active site are tightly coupled and adjust to facilitate sequential
transfers of an electron and a proton. Re-oxidation is gated by
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Figure 3 Movement of the Asp15 side chain during redox-driven proton transfers.

a, Comparison of oxidized (red; PDB code 7FD1) and reduced (grey; PDB code 7FDR)
high-pH structures of native Fdl in the region of the cluster and Asp 15. Upon reduction,
the Lys 84 side chain adopts a single conformation with a N(.—03, distance of 3.3 /3, and
the carboxylate side chain has rotated by 90°. (In accordance with previous nomenclature,
the closest O atom to the cluster in the reduced form is denoted 08,, whereas it is 08 in
the oxidized form?.) b, Distances of 08, (from Asp 15) to S1 (from the cluster) during the
molecular dynamics simulation; asterisks indicate the points where the distance is below
4h¢, Superposition of the reduced native Fdl (grey) structure (also shown in a) and one of
the molecular-dynamics-generated snapshot structures (blue) around the region of
Asp 15, showing one of the approaches of 03, to the S1 atom of [3Fe—4S]° within the
period of simulation. The distance between 08, and S1 is 4.9 A for the native structure
and 3.0A for the molecular-dynamics-generated structure. The H atom is positioned
collinear with 08,—S1 at a normal bond distance (1.0 A) from 03,. Van der Waals
surfaces of 08, (radius 1.4 Z\) and S1 (1.85 A) are shown. For this closest approach, 03
and S1 are well within the sum (1.4 + 1.85=3.25 A) of their van der Waals radii and, in
the Iin]it of a collinear 0—H---S arrangement, the resulting H—S distance is approximately
2.25A
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proton transfer, demonstrating how biology can control long-range
electron transfer by linking it to a far more discriminating process.
Mechanistic requirements for proton transfer are so stringent that
even minor structural changes produce decreases in rate over orders
of magnitude. U

Methods
Protein film voltammetry

Protein film voltammetry probes electron-transfer processes that are induced by
perturbing the electrochemical potential applied to a mono-/submono-layer of protein
molecules bound at an electrode surface (See Supplementary Information). Electron
transfers in and out of the active site are observed as electrical current signals, which are
altered in specific ways if there is coupling to processes such as proton transfer. Thus, by
analysing signals over a range of voltage scan rate and pH, a detailed and integrated picture
of the coupling kinetics and energetics is obtained. All measurements were carried out as
described previously" and ‘trumpet plots’ of peak positions versus scan rate were analysed
in terms of the kinetics and thermodynamics described by Scheme II.

Site directed mutagenesis and protein crystallography

Site directed mutagenesis and protein purification were carried out as previously
reported'®”. Crystal structures were determined accordingly to procedures recently
described™.

Molecular dynamics

Molecular dynamics simulations were carried out using the DISCOVER program from
Molecular Simulations. The AMBER force field used for the protein and Fe—S cluster was
as described” except that cluster atomic charges were derived from Xa density functional
calculations™. The structure of reduced Fdl at pH 8.5 (1.35 A resolution, protein data bank
code 7FDR, ref. 21) was used as the starting model except that the O3, atom of Asp 15 was
protonated. Besides the crystallographic water molecules, a 9A layer of water molecules
was added around the protein and those occupying the outermost 5 A were constrained to
prevent their evaporation. After initial minimization, the system was heated for 5 ps at 100,
200, 273 K, and then the dynamics were run at 273 K for 100 ps with a time step of 1.5 fs:
the first 20 ps were discarded. The mean structure over the 80 ps considered had r.m.s.
deviation values from the starting structure of 1.20 A for the backbone atoms and 1.45 A
for all heavy atoms. The individual structures generated had average r.m.s. deviation
values (from the mean structure) of 0.68 A for the backbone atoms and 0.86 A for all heavy
atoms, within the range expected™.
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