114

signal intensity as a function of time delay between
the preparation and detection laser pulses.

38. The angular distribution is found by systematically
translating the probe laser beam parallel to the sur-
face at a distance of ~2 cm.

39. The average kinetic energy during the collision is
~2000 m/s, due to the strongly attractive anionic
potential.
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Dynamically Controlled Protein
Tunneling Paths in
Photosynthetic Reaction Centers

Ilya A. Balabin and José N. Onuchic*

Marcus theory has explained how thermal nuclear motions modulate the energy
gap between donor and acceptor sites in protein electron transfer reactions.
Thermal motions, however, may also modulate electron tunneling between
these reactions. Here we identify a new mechanism of nuclear dynamics am-
plification that plays a central role when interference among the dominant
tunneling pathway tubes is destructive. In these cases, tunneling takes place in
protein conformations far from equilibrium that minimize destructive inter-
ference. As an example, we demonstrate how this dynamical amplification
mechanism affects certain reaction rates in the photosynthetic reaction center
and therefore may be critical for biological function.

Electron transfer (ET) reactions play a key role
in living systems, particularly in bioenergetic
pathways. Most of these reactions in biological
systems involve large separations (5 to 20 A)
and therefore have a very weak tunneling cou-
pling between the donor (D) and the acceptor
(A) sites. This coupling is called the electronic
matrix element (7}, ). In this weak coupling
regime, the ET rates are the product of the
square of Tp,,, as expected from perturbation
theory and the probability of the donor and
acceptor forming a resonant activated complex
(Marcus theory) (/-5). About a decade ago,
Beratan and Onuchic developed the Pathways
method to estimate these 7j,,’s and to under-
stand the tunneling mechanism in proteins. The
Pathways method assumes that tunneling oc-
curs via a dominant pathway tube (a family of
similar pathways, and that the decay through
this tube can be quantified as a product of
contributions from covalent bonds, hydro-
gen bonds, and through-space jumps (6, 7).
This approach has been widely used by the
experimental community (2, 3, §). Howev-
er, the Pathways method has two major
limitations: It does not include the possi-
bility of interference among multiple paths,
and the paths are determined with the “fro-
zen” (crystallographic) protein structure,
without accounting for protein motions.

In this report, we go beyond the Pathways
method. Our results show that for ET reactions
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dominated by a single pathway tube (or a few
tubes that interfere constructively), corrections
due to protein dynamics are minor. The situa-
tion reverses when the assumption of a single
pathway tube breaks down, and ET involves
multiple tubes with destructive interference.
TpA's are now sensitive to conformational de-
tails and nuclear dynamics. Calculations with a
single frozen conformation provide an incor-
rect answer: Tunneling is controlled by far-
from-equilibrium protein conformations,
where one or few tubes dominate, thereby
minimizing destructive interference.

To demonstrate this concept, the dynamical
effects on T,, in a bacterial photosynthetic
reaction center (BPRC) are explored. The
BPRC is a large transmembrane protein-cofac-
tor complex that mediates electron and proton
transfer reactions that convert light into chem-
ical energy (9-16). We investigate the ET re-
actions from the pheophytin (B,,,,) to the prima-
ry quinone (Q,) and from the latter to the
secondary quinone (Qg), with a focus on the
effects of local nuclear dynamics. Although
dynamical effects on 7},, have been observed
in previous calculations (/7-19), no consistent
theoretical approach has been developed yet.
We provide a quantitative description of this
new mechanism of dynamic control, which we
name dynamical amplification. We also discuss
another dynamical control mechanism, confor-
mational gating, which was recently suggested
from a high-resolution x-ray analysis of BPRC
(9). That analysis revealed that the transition
from the dark structure (Qy, in its neutral form)
to the light structure (negatively charged QOp)
consists mostly of flipping and moving of the
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Qg ring in its binding pocket (/0). We show
that both dynamical amplification and confor-
mational gating are critical in providing effi-
cient electron transfer between the quinones.

For both the dark and the light BPRC
structure, Tp,, calculations were performed
with the Green’s function technique (to quan-
tify the electron tunneling propagation
through the protein) with a standard extended
Huckel electronic Hamiltonian in a bonding
and antibonding orbital basis (5, 20, 27). The
calculations included B Ons Ops the iron
ion, and the relevant protein environment
(Trph1%,  MetM256,  TrpM252,  MetM?2!¥,
HiSMZlg, HiSngO, HiSL230, GlllM234, and
His*2¢; the superscript indicates the BPRC
chain and the amino acid position in that
chain). To compute the average square effec-
tive coupling (T'3,), the Green’s functions
were evaluated for several conformations
(“snapshots”), which were obtained by using
molecular dynamics (MD). In addition, 7},,
was computed for the crystallographic and
the “average” conformations (nuclear coordi-
nates averaged over the MD runs).

The MD simulations were performed for
both the dark and the light structures with the
consistent valence force field (22) for the BPRC
fragment and for all amino acids within 8§ A
from it. In this initial analysis, we are mainly
interested in demonstrating how competition
among different tubes leads to dynamical am-
plification, and we therefore limited dynamics
to small nuclear motions by imposing a set of
restraints (23). All backbone atoms were fixed,
and all other heavy atoms were pulled to their
positions in the crystallographic structure by
harmonic restraining forces. By choosing the
restraining force constant, we controlled the
root mean square deviation (rmsd) of these
heavy atoms. The rmsd between the crystallo-
graphic and the average conformations was
about 0.35 A, and the rmsd between any snap-
shot and the average conformation was about
0.25 A. The structures were first equilibrated
for 3 ps, followed by a 15-ps MD run with a
0.5-fs time step. A snapshot conformation was
saved every 50 ps, leading to a set of 301
snapshots for each MD run.

To quantitatively describe the degree to
which nuclear dynamics affect the effective
coupling, we introduced the coherence pa-
rameter C = (T, ,)?/(T3 ). Given that (T3 ,)
= (Tpa) + (dTE,), where (8TF,) is the
mean square deviation, C falls in the range
between zero and one. In the limit where the
dynamic variations of the Green’s function
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are small, C approaches 1, whereas when the
dynamical changes are large in comparison
with the average values, C is close to zero.

To identify the structural groups most rele-
vant for mediating the dominant pathway tubes,
the tunneling coupling was calculated for the
BPRC fragment (7)) and a number of mod-
ifications in which one amino acid was re-
moved (T, for the ith amino acid removed).
The relevance of the ith amino acid was quan-
titatively described by the ratio (24, 25)
(log T/ TE ). The importance of individual
orbital interactions that mediate through-space
jumps was characterized in a similar way.

Between B, and Q,, the dominant pathway
tubes for the dark and the light BPRC structures
are similar. Most of the effective coupling
(about 80%) is mediated by tubes through the
Trp*252 (26), and the interference regime is
primarily defined by the through-space jumps
from B, to the tryptophan and from the latter to
O, The first step is mediated by two through-
space interactions between the B, and trypto-
phan o orbitals, which form two parallel tubes
of comparable strength and the same phase,
leading to constructive interference (Fig. 1). At
the second step, a strong interaction between
the  orbitals on the tryptophan and the O,
[similar to the p-o bonds as in DNA ET (27)]
connects the two pathway tubes into a single
dominant one. A weaker alternative pathway
(about 20% of T3, mediated by Met*?8 and
His™?!° has a minor effect. The interference is
predominantly constructive, and Tp,, and
therefore the reaction rate (kgp), are weakly
sensitive to the protein environment, except for
TrpM252.

Between O, and Qp, the dominant pathway
tubes are similar for the dark and the light
BPRC structures, except around Q. In the dark
structure, Qp is in the distal conformation,
which is farther from the iron ion by about 4.3
A than in the light structure (proximal confor-
mation) (9). The transition from the dark to the
light conformation (flipping and moving of Q)
shortens the pathway by five covalent steps and
replaces a through-space jump by a hydrogen
bond, increasing k.1 by about three orders of

~magnitude (Fig. 2). This conformational gating,
suggested in (10), is critical for efficient cou-
pling. We, however, focus on an additional
mechanism that involves local nuclear dynam-
ics rather than global motion of Q. We explore
how these dynamics affect the interference
among the dominant pathways.

For the transfer from Q, to O, the inter-
ference regime is defined by the multiple path-
way tubes between the quinones, which go
through their neighbor histidines, and the coor-
dination environment of the iron ion (Fig. 2).
The tubes are mediated between Q, and
His™21° by a hydrogen bond and a few strong
through-space interactions, which have similar
strengths but different phases, leading to de-
structive interference. Between His%!®° and
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Og, the tubes are mediated by similar inter-
actions, which also contribute to the destruc-

tive interference. In addition, the metal bonds -

with His??3°, Glu™?34, and His™?% form a
complex network interconnecting the path-
way tubes. Altogether, these features result in
a pronounced competition between construc-
tive and destructive interference among the
multiple tubes, as indicated by the high sensi-
tivity of the effective coupling to small struc-
tural changes.

These different interference regimes lead to
different control mechanisms for the two ET
reactions, as shown in Figs. 1 and 2, respective-
ly. Because the contributions from the domi-
nant pathway tubes between B, and 0, are in
phase, the effective coupling is almost insensi-
tive to structural details and dynamical modu-
lation of the dominant pathway strengths. As
shown in Fig. 1, the square of Tj,, (and there-
fore kgp) for the crystallographic and average
conformations and (T'3,,) are very similar for
both the dark and light structures, indicating the

Fig. 1. The dominant
pathway tubes and the
effective coupling be-
tween B, and Q, are
similar for the dark
dashed lines in (B) and
C)] and the light [solid
lines in (B) and (C)]
structures. (A) Diagram
that includes the donor
and acceptor sites and
the relevant tunneling
mediating residues. The
donor and the acceptor
are marked by solid
lines, the covalent part
of the pathway tubes is
shown in dashed lines,
and the through-space

the ET rate is weakly sensitive to the choice of
conformation. Consistently, the coherence pa-
rameter C is close to 1, indicating that the
dynamical effects are minor. Tunneling is con-
trolled by the overall bridge structure and not
by structural details or nuclear dynamics.

In contrast, competition between destructive
and constructive interference dominates the ET
mechanism between O, and Qy. T, (and
therefore kp) are sensitive to the choice of
protein conformation, as observed by the sub-
stantial difference between the kgp’s for the
crystallographic and the average conforma-
tions. This ET rate is also strongly modulated
by the nuclear dynamics, as indicated by C
close to zero (Fig. 2). This dynamical amplifi-
cation makes (T2 , ) almost three orders of mag-
nitude larger than T2, for the crystallographic
conformation for both the light and dark struc-

tures (Fig. 2). Therefore, Ty, , calculations need '

to include the “nonequilibrium” conformations;
calculations based on a single conformation
may be grossly misleading. This ET mecha-

interactions are indi-
cated by dotted lines.
The two similar domi-
nant tubes (mediated
by a through-space in-

teraction) between the

B, and the TrpM252
that connect into a
single tube between
TrpM252 and Q, are
highlighted. The energy
range shown in (B) and
(C) represents the bio-
logically relevant tun-
neling energies in the
middle of the main gap
between o and 7 — 7*
states. Typical tunnel-
ing energies are in the

ket (1/s)

middle of this range.
E,., represents the en-
ergy of the electron

-10.5

1
-10.0

Egun (€V)

that tunnels between the donor and the acceptor. (B) At the relevant energies, the coherence parameter
C = (6)2/(G?) is close to 1, indicating that dynamical effects on the coupling are minor. (C) The
square effective couplings (left vertical axis) and the maximum ET rate kg (right vertical axis) for
the crystallographic conformations (circles) and the average conformations (squares) and the
dynamically averaged square effective coupling ((T3,), triangles) are all similar for both the dark

and the light BPRC structures.
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nism can be illustrated by artificially removing
part of the destructive interference in the calcu-
lations by selectively pruning some interactions
between the iron and the histidines and between
the quinones and the histidines. An increase in
C is observed, but it is still too small to justify
one (or a few) dominant tube. Although this
pruning removes some destructive interference,
it also reduces constructive interference, mak-
ing this analysis very qualitative. Finally, both
this dynamical amplification and conformation-
al gating, moving Qp, from the dark to the light
position, are needed to account for the experi-
mentally observed k.

The results above made it possible to in-
vestigate the validity of the Pathways-like
models. To compare our results with Path-
ways calculations and experiments, we con-
verted the T, ,’s to the maximum rate using
an optimized (activationless) ET reaction
with a reorganization energy about 0.1 eV,
which provided kg =~ 5 X 106 (T3,) s~!

Fig. 2. (A) Diagram of
the donor and accep-
tor sites and the rele-
vant tunneling medi-
ating residues. The
secondary quinone is
shown in both the dis-
tal and the proximal
positions, which cor-
respond to the dark
[dashed lines in (B)
and (C)] and the light
[solid lines in (B) and
(Q)] structures, re-
spectively. The multi-
ple pathway tubes
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(Tp A is in electron volts) (5). At the Pathways
level, Ty, is proportional to a product of all
decays in the dominant pathway tube (3, 6).
This approach is in agreement with previous
Pathways-level calculations (7, 28) and other
methods (29, 30), providing a maximum rate
of about 10> s~! at distances of about 3 A.
Between B, and Q,, our calculations
provide a max1mum rate kg, of 10! s,
which is similar to the experimental value of
101 s™! (10). kyr computed with the con-
ventional Pathways method is slightly slow-
er, because the correct dominant tube is par-
tially composed by p-o bonds, similar to ET
in DNA (27). Still, the Pathways picture
holds. Between Q, and Qp, the situation is
reversed because several tubes constructively
and destructively interfere among them. For
the light structure, our calculations for the
crystallographic conformation provide a
maximum kg of about 10® s™!, which is
substantially smaller than observed in exper-

Qg
(dark)

that mediate the cou-
pling between Q, and
Qg include through-
space interactions be-
tween the quinones

Coherence

e

and the histidines (the

stronger ones are
drawn in green and
blue to show the dif-
ferent signs of their
contributions to Tp,)
and a complex .net-
work of interactions
around the iron (not
shown for clarity). In-
teractions to Q, are
displayed only for the

light structure, except i “« /Q / 1102
10-20 & /

for the strongest one R A

in the dark structure, _105 00 Y 9.0

which is shown in Eqpn (V)

black. These large num-

bers of pathway tubes will be in phase or off phase with each other, leading to a competition
between destructive and constructive interference for the tunneling mechanism. The energy range
in (B) and (C) and the most typical tunneling energies are described in Fig. 1. (B) At the relevant
energies, the coherence parameter C is close to zero, indicating that the coupling is dynamically
controlled. (C) Ty, (and therefore k) is sensitive to the structural details; the couplings for the
crystallographic conformations (circles) and the average conformations (squares) are substantlally
different. For both the light and the dark structures, the dynamical ampllflcatlon makes (T2,)

(triangles) larger by about three orders of magnitude at the relevant energies. For the llgﬁt
structure, the coupling is about three orders of magnitude larger than for the dark one (confor-

mational gating).

iments. For the average structure, k. of
about 10! s~! is even slower. Therefore, the
dynamical amplification is needed increase
kgr to about 10° s™!, which still is slow
compared to the Pathways value of 101° s~!
because destructive interference cannot be
fully eliminated. Our computed rate is slight-
ly faster than the experimental result of 10*

~1 which is expected because our calcula-
tion does not include corrections for confor-
mational gating (/0). In addition to these
corrections, direct comparison to experiments
should be done with caution because we have
not incorporated fully realistic dynamics.
This may increase dynamical amplification
even further, consistent with T, predicted
by recent experiments (/7).

How dynamics affect electron tunneling
in proteins has been a central question for the
biological electron transfer community.
When tunneling is dominated by a single or a

- few pathway tubes, dynamical effects are

small and calculations performed with a “fro-
zen” protein give reasonable results. Dynam-
ical amplification, however, becomes impor-
tant when T, is mediated by multiple path-
way tubes that are destructively interfering.
In this case, tunneling is dominated by pro-
tein configurations that are far from equilib-
rium, where the destructive interference is
substantially reduced. The competition be-
tween the occupation probability of these
configurations and their ability to reduce de-
structive interference determines the tunnel-
ing mechanism.
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Xenon as a Complex Ligand:
The Tetra Xenono Gold(ll)
Cation in AuXe,**(Sb,F,,7),

Stefan Seidel and Konrad Seppélt*

The first metal-xenon compound with direct gold-xenon bonds is achieved by
reduction of AuF, with elemental xenon. The square planar AuXe,2* cation is
established by a single-crystal structure determination, with a gold-xenon bond
length of approximately 274 picometers. The bonding between gold and xenon
is of the o donor type, resulting in a charge of approximately 0.4 per xenon

atom.

Since the creation of the first noble gas com-
pound, XePtF, in 1962 (I), xenon com-
pounds with direct bonds to fluorine, oxygen,
nitrogen, carbon, xenon itself, and most re-
cently, chlorine, have been established, with
the list for krypton-bonded elements being
much shorter. All these bonded atoms are
electronegative main-group elements. Noble
gas chemistry would be greatly enhanced if
xenon (or other noble gases) could be bonded
directly to metal atoms or ions.

There have been indications that metal-
xenon bonds can be formed. In noble gas
matrices, the complexes (CO)sMo ... Xe,
(CO)sW ... Kr, (CO),Mo ... Kr, and
(CO)sFe* ... Kr (2) have been detected. In
supercritical Xe and Kr solutions, short-lived
transients containing xenon or krypton metal
bonds have been observed many times (3).
The Au-Xe™ ion has also been detected by
mass spectroscopy, and has been calculated
with a best estimate for the bond distance of
257 pm and of 30 = 3 kcal mol~! for the
bond energy (4). Even Ar-AuCl and Kr-AuCl
have been observed by microwave spectrom-
etry (5). It is also possible that a similar
complex between platinum fluoride(s) and
xenon was an intermediate in the seminal
1962 preparation of the first xenon com-
pound, which was formed using elemental
xenon and PtF¢ (/). To this day, the exact
nature of the product of that reaction has not
been determined (6).
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The original goal of this study was the prep-
aration of the elusive gold(I) fluoride, AuF, via
the reduction of AuF, with a weakly coordinat-
ing agent. The reaction between AuF, and AsF,
in HF/SbF, solution afforded F;As-Au ... F
... SbF,, the first derivative of AuF (7). We
then replaced AsF, with xenon as a very mild
reducing and very weakly coordinating agent,
in order to reach AuF. The reaction, however,
stopped at the Au?* state and resulted in a
completely unexpected complex, the cation
AuXe,2*, of which dark red crystals can be
grown at —78°C. Removal of gaseous xenon
under vacuum results in the crystallization of
Au(SbF,),, one of the few true Au?* salts that
are known (8). Addition of Xe to Au?* in
HF/SbF, gives a dark red solution at —40C°.
Because the reaction between Au?* and Xe is
reversible, a xenon pressure of about 10 bar
(1000 kPa) is necessary to stabilize AuXe,>* in
solution at room temperature.

A single-crystal structure determination
revealed the existence of AuXe,2*-
(Sb,F,,7), (9). The cation forms a regular
square, with Au-Xe bond lengths ranging
from 272.8(1) to 275.0(1) pm. Three weak
contacts between the cation and the anion
complete the coordination sphere around the
gold atom with Au . .. F distances of 267.1
and 315.3 pm (Fig. 1). Shortest contacts be-
tween xenon and fluorine atoms are all about
310 pm long. The structure of the anion

"Sb,F,,~ appears quite normal. The com-

pound is stable to about —40°C. Warming
above this temperature results in liquidifica-
tion, loss of gaseous xenon, and a dramatic
color change from dark red to light orange.
The compound AuXe,*(Sb,F,,7), has
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also been characterized by Raman spectrosco-
py. In addition to bonds that are typical of the
Sb,F,,~ anion, a very strong band is observed
at 129 cm™!. This is assigned to the totally
symmetric stretching vibration of the AuXe,>*,
on the basis of the prediction of this band at
~100 cm™! by a number of ab initio and
density functional theory calculations (Table 1)
10).

The calculations all predict Au-Xe bond
lengths a little longer than the experimental
value. The mean bond energy with respect to
Au?* and 4 Xe is calculated to be approxi-
mately 200 kcal mol~! (Table 1). This value
is reasonable considering the thermal behav-
ior of the compound AuXe,>*(Sb,F,,7),. In
the complex, xenon functions as a o donor
toward Au?*. This is reflected in the calcu-
lated charge distribution within the cation,
where the main part of the positive charge
resides on the xenon atoms. Gold is the most
electronegative transition element known, in
part due to the strong relativistic effect (/7).
This may explain the large charge transfer.

In principle, the bonding between xenon and

Fig. 1. Crystal structure of the cation AuXe2*
in AuXe,“*(Sb,F,,~),. Atoms are represented
by 50% probability ellipsoids. Shown is the
cation with the three closest contacts to the
anions. Distances (in pm): Au-Xe1, 273.30(6);
Au-Xe2, 274.98(5); Au-Xe3, 272.79(6); Au-Xed,

274.56(5); Au ... F12, 267.1(4); Au ..
295.0(4); Au ... F25, 315.3(4).

. F26,
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