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ABSTRACT: The temperature dependence of the sequential coupling of proton transfer to the

second interquinone electron transfer is studied in the reaction center proteins of photosynthetic Ij: W
bacteria modified by different mutations and treatment by divalent cations. The Eyring plots of stz 3
kinetics were evaluated by the Marcus theory of electron and proton transfer. In mutants of a2 A

electron transfer limitation (including the wild type), the observed thermodynamic parameters had
to be corrected for those of the fast proton pre-equilibrium. The electron transfer is nonadiabatic ..
with transmission coefficient 6 X 107 and the reorganization energy amounts to 1.2 eV. If the
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proton transfer is the rate limiting step, the reorganization energy and the works terms fall in the ;,c °$N e s
range of 200—500 meV, depending on the site of damage in the proton transfer chain. The product "

term is 100—150 meV larger than the reactant term. While the electron transfer mutants have a -

low free energy of activation (~200 meV), the proton transfer variants show significantly elevated %
levels of the free energy barrier (~500 meV). The second electron transfer in the bacterial reaction Q;

g ] " Q; ()
center can serve as a model system of coupled electron and proton transfer in other proteins or ion
channels.

B INTRODUCTION

The transfer of electrons and protons in living systems

comprise the molecular fundamentals of bioenergetics and followed by uptake of the second (chemical) proton:
many free energy conversion mechanisms."”” The movement of ut

the electrons and protons are often coupled in concerted or Q,QH > Q,Q,H,. The fully reduced quinol QgH, is

. i
Q,Q, & Q,QH S QQH"

sequential fashion” and can be accompanied by conformational released and replaced by an oxidized quinone. The structural
changes in light- or redox-driven proton pumps of mitochon- view of the proton delivery pathway to reduced Qj is shown in
dria* and photosynthetic membranes® or in radical initiation Figure 1. The path from the proton entry gate of His—H126

and transport of biological interest.” Despite the recent and His—H128 via Asp—L210 and Asp—M17 up to Asp—L213
amazing progress in theory,”® calculations,” and experiments,’ is shared by both the first and second protons taken up from

the specific details of electron/proton coupling in biological the cytoplasmic medium.'”” The first H' ion is delivered
processes or in model systems of catalysts, fuel cells, solar cells, directly to the C1—O group of Q™ from Asp—L213 through
and chemical sensors remain largely to be resolved. The Ser—L223 and the second proton to Qg™ from Asp—L213 via
reaction center (RC) protein of photosynthetic bacteria has Glu—L212. From studies on different mutants, it was possible
been a favorite target of light-induced electron and proton to estimate the Q” semiquinone of WT to have a pK, = 4.5,
transfer, and these studies allow us now to define how the quite similar to the value in aqueous solution.'®?
coupling is manifested.'' ~* A series of former outstanding works”*~>* have provided a
In RC of photosynthetic bacterium Rhodobacter sphaeroides, convincing description of the second electron transfer whose
the transfer of electrons is generated by light excitation schematic energetic landscape is depicted in Figure 2.
(flashes) resulting in primary charge separation between the The (interquinone) transfer of the second electron from
bacteriochlorophyll dimer (P) and the acceptor quinone Q. to Qg is a proton-activated process as the ET should be

complex (Q, consisting of primary (Q,) and secondary (Qg) preceded by the uptake of the first proton Q, Qg <
quinones): PQ = P'Q". Upon subsequent saturating Q" QgH. The proton pre-equilibrium sets the stage for the

excitations, Qg performs reduction cycle of period 2 flashes."” electron transfer: Q,"QzH — QuQzH™. The proton and
After the first flash, the first interquinone electron transfer electron transfer steps are consecutive processes. The rates can
(ET) Q, Q, 2 Q,Q, is associated with uptake of be conveniently modified either by mutations directed to

. . . L2325 .
substoichiometric amount of H* jons."> Qg~ does not bind specific amino acids at key positions or by divalent

L2627 . .
proton; instead, Glu—L212 is protonated at neutral pH by cations. Depending on which transfer becomes the rate
internal proton-rearrangement, although the (Bohr-) proton is
probably distributed over other neighboring residues.'>'® After Received: April 14, 2019
the second flash, the second interquinone ET is preceded by Revised:  June 3, 2019
uptake of the first (chemical) proton by Qj: Published: June 10, 2019
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Figure 1. Coupling of stepwise proton uptake (H*) and reduction
(e7) of Qy~ in the Qg site of buried acid cluster in RC of
photosynthetic bacteria. The proton entry site (surface histidines) and
the approximate pathway, via several carboxylates, are labeled by
residue number. The path bifurcates at AspL213 to deliver H' to the
two carbonyls via SerL223 (first proton) and GluL212 (second
proton). The electron is observed to arrive from Q" after the first H
uptake. The gray contoured surface encloses the surface of the RC.
The figure was prepared in VMD); structure file was 1dv3.pdb.

limiting step, electron transfer (ET) (including wild type, WT)
or proton transfer (PT) variants can be distinguished.”’16 In
electron transfer mutants, the pre-equilibrium protonation is
energetically unfavorable but is fast; therefore, the electron

protonation is much slower than the subsequent electron
transfer and controls the observed kinetics. As the protonation
becomes the rate limiting step, the kinetics of the second
electron transfer will show a deuterium isotope effect."®

To understand this reaction fully, it is necessary to digest not
just the kinetics but also the thermodynamics that reveals the
energy levels, as well as the driving forces of the electron/
proton transfer. The driving force (the Gibbs free energy) of
the reaction is composed of enthalpic and entropic
components reflecting different components of the energetics
of the reaction. In contrast to the kinetics of the transfer
mechanisms, the thermodynamic information is far less
available. However, with a proper understanding of the kinetic
mechanism, we would expect to make some headway with the
fundamental thermodynamics of the proton coupled second
electron transfer and would hope to describe the kinetic model
with some essential quantitative detail. On the other hand,
experiences with charge separation, recombination and first
interquinone electron transfer might temger our expectations.
Photoacoustic,”**° delayed fluorescence,”’ and lipid** studies
revealed serious challenges of the existing notions for the
enthalpy and entropy contributions in the free energy changes
of the reactions P* < P*Q,~ < P*Q,Qy .

In this work, the temperature dependence of the second ET
is characterized in RCs of wild type (WT), treated by divalent
cations and of various (electron or proton transfer limited)
mutants to obtain enthalpy and entropy contributions to the

transfer remains the bottleneck of the observed kinetics.
However, the roles are swapped in proton transfer mutants: the

activation energy. The analysis based on the Marcus theory is
used not only for electron transfer (ET mutants) but for

proton transfer electron transfer ;|
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Figure 2. Landscape of the standard free energy of the states (subscript o) participating in the stepwise proton (black, H) and electron (red, ET)
transfer vs nuclear coordinates showing the activation free energies (subscript #) and works terms (w) during the second interquinone electron
transfer in bacterial RC. The reactant and product surfaces are represented as parabolas. In wild type (WT) and electron transfer mutants, the
unfavorable (uphill) proton transfer is very fast with very small activation energies on the adiabatic surface of the protonable groups compared to
those of the subsequent electron transfer (upper panel). At each intersection point of the proton transfer, the reactant (initial) and product (final)
states interact strongly (Vi) resulting in the large separation of the two curves by 2V (adiabatic transfer). However, the electron transfer is
nonadiabatic, and the splitting is very small at the crossing. The reorganization energy, Agr, is given by the position on the reactant curve that lies
above the equilibrium coordinate of the product curves. In proton transfer mutants, the rate of the proton transfer becomes the bottleneck due to a
defect in the bucket brigade mechanism while the thermodynamics of the electron transfer does not change (lower panel). The protonation of the
residue R next to the defect is rescued by a bound protonated acid (AH). The formation of the activated complex from the reactants and
dissociation of the products involves works terms, w" and w¥, which raise the reactant and product curves by different amounts.
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proton transfer (PT mutants) by inclusion of works terms. The
activation energy parameters are consistent with reasonable
values for the reorganization energy of the ET in electron
transfer mutants and for the works terms of the proton transfer
in proton limited mutants.

B MATERIALS AND METHODS

The design and techniques of molecular engineering to
produce mutant RCs from nonsulfur photosynthetic bacterium
Rba. sphaeroides were described earlier.”*™*° The RCs were
solubilized from membrane fragments (chromatophores) by
ionic detergents lauryl (dodecyl) dimethylamine-N-oxide
(LDAO) followed by purification by ammonium sulfate and
DEAE-Sephacel column'” to a purity OD,g,/ODg, of 1.3. The
aggressive LDAO detergent was exchanged with nonionic
Triton X-100 detergent by overnight dialysis.

The secondary Qg activity was reconstituted by addition of
excess ubiquinone-10 solubilized in ethanol to the RC ([UQ]/
[RC] > 10). The degree of reconstitution was assayed by the
ratio of the amplitudes of the slow and fast phases of the
charge recombination kinetics detected at 430 nm. The
measurement of the kinetics of the second electron transfer,
Q. Qs” — Q.QgH™ was described earlier.'®'? The
absorption change induced by the second of two short
saturating flashes 0.5 s apart was detected at 450 nm. The
rereduction of P* by exogenous electron donor should take
place before the second flash. Depending on the kinetic
conditions, the appropriate electron donor should be selected.
Although the reduced cytochrome-c** (horse heart grade VI,
reduced (>95%) by hydrogen gas on platinum black) is a fast
electron donor to P* (oxidation halftime <100 us), the
complex kinetics of cytochrome oxidation can extend to a
larger time range (~1 ms) where it may overlap that of the
electron transfer. The ethanolic solutions of ferrocene at large
(150—200 uM) concentrations are also fast donors (halftime
~2 ms), but ethyl ferrocene or dimethyl ferrocene at low (2—4
uM) concentration reduce P* with a halftime of 200—500 ms,
which is still significantly faster than that of the charge
recombinations. A mixture (2—2 mM each) of buffers (citric
acid, Mes, Mops, Pipes, Tris, Ches, and Caps in the order of
increasing pK, values) were used to stabilize the pH of the
solution. The second electron transfer was efficiently inhibited

by addition of stoichiometric amount of divalent cations (Cd**
or Ni2),!12627

B RESULTS

Free Energies of Activation. For a wide range of electron
and proton transfer mutants, the rates of the second electron
transfer k®),; were measured in the physiological temperature
range. From the observed temperature-dependence of the rate
constant, the activation free energy (AG,") of the rate limiting
step can be obtained. The kinetic bottleneck can be either the
proton equilibration or the electron transfer. The thermody-
namically related Eyring rate equation for the activated
complex state (transition state theory) describes the
correlation between the free energy barrier and the reaction

rate:
ks T ( AGf]
= K- — .exp —_

k( 2)
AR h kT

(1)
Here x is a transmission coefficient, k; is the Boltzmann
constant, T is a temperature, and & is the Planck constant. By
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usin% the relationship between the changes of the free energy
AG,", enthalpy AH," and entropy AS," of activation: AG,"
AH,* — T-AS,*, the plot of In(k®-h/(k;T)) versus 1/k;T
should deliver straight line (Eyring plot) with slope of —AH,"
and intercept of [In (k) + AS,*/kz]. The observed
thermodynamic energies characterize the need of energy to
the activated state of the corresponding rate-limiting step of
the proton or electron transfer. More specifically, the enthalpy
change of activation (AH,") relates to the height of the energy
barrier of the activated-state complex, and the entropy change
of activation (AS,") refers to the thermodynamic probability,
i.e. the ratio of the numbers of available configurations in the
activated complex and in the reactant states. However, the true
entropy change AS," does not come directly from the
interception in the Eyring (transition state) representation
but from the degree of adiabaticity of the (electron) transfer, x
that should also be taken into account (discussed later).
Figure 3 demonstrates the linear relationship for RCs typical
of electron transfer (WT and M17DN single mutant) and of
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Figure 3. Temperature-dependence of the observed rate constant of
the second electron transfer (ky®) in RCs limited by ET (WT and
MI17DN single mutant) or by PT (WT+ Ni**) in Eyring plot
representation (see eq 1 and R is the universal gas constant). The
temperature was changed in the physiological range between 4 and 40
°C. The enthalpy and entropy changes of the activation were
determined from the slopes and intersections of the fitted straight
lines and collected together with those of other similar RC variants in
Tables 1-3. Conditions: 4 M RC, 0.02% TX, 40 uM UQ,, 3-3
mM Mops and Tris, pH 7.5, 20 uM cyt ¢ (M17DN) or 6 uM
dimethyl ferrocene (WT) or 500 uM ethyl ferrocene (WT + 1 mM
NiCl,).

proton transfer (WT + 1 mM Ni?*) limitation of the second
ET. The statistical errors of the derived parameters in a given
sample and the biological errors (the standard deviations
relative to the means in several (typically 3—4) samples) are in
the range of 10—15%. Large changes in slope (enthalpy of
activation) and vertical position (free energy change of
activation or rate constant of the second ET) can be observed.
The thermodynamic parameters were determined from the
measured temperature-dependence of the rates by least-
squares linear fit using eq 1 for a wide variety of single and
double mutants and divalent cation (Cd** and Ni**) treated
RCs in a similar way as exposed in Figure 3. The derived
energetic quantities were tabulated both for electron transfer
(Table 1) and for proton transfer limited variants (Table 3) at
pH 7.5. Additionally, the free energy of activation and its
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Table 1. Components of Activation Parameters for the Observed Second Electron Transfer (Total), for the Proton Pre-
Equilibrium (H) and for the True Electron Transfer (ET) in Electron Transfer Mutants at pH 7.5 (in meV)

proton pre-equilibrium® electron transfer”

observed”
strain AH%, T-AS*,, AG*, pKz”
WT 200 —180 380 4.5
MI17DN 550 120 430 3.8
L210DN 520 920 430 3.8
H173EQ° 410 — 60 470 3.5

“From temperature dependence of the measured rate of the second ET, k=6 X 1

AHy T-AS”y AGy AH"g; T-AS" ey AGY
-90 —260 170 290 80 210
-90 =310 220 640 430 210
-90 -310 220 610 400 210
-90 -330 240 500 270 230

0~* PpKy refers to the proton accepting carboxyl residue or Qz~/

Qu(H) itself. “Data from oxy-acids “Calculated from eq 2 “H173EQ may be partially PT-limited**

enthalpic and entropic components demonstrate weak pH-
dependence both for ET (Table 2) and PT (Table 3) mutants.

Thermodynamics of Acid Dissociation and Associa-
tion. Whatever rate model is used for the rate-limiting electron
transfer (ET), the proton pre-equilibrium (acid association)
parameters (AGY/, etc) combine with those of the true
activation step (AGEp, etc) to give the observed or total
activation energetics (AG,", etc) as follows:

AGH = AGY + AGE;

# Y #
AH;,. = AHy' + AHg;

T-ASh, = T-ASY + T-AS; @)

Unfortunately, the thermodynamic parameters of the proton
equilibrium of the terminal proton acceptor semiquinone in
the RC cannot be measured directly. However, the acid
association/dissociation values can be estimated by use of the
dissociation heats of oxy-acids of different pK, values.”® There
is a strong linear correlation between pK, and the enthalpy
change AH}Y (and hence also T-ASY, because pK, is linear
with AGY) (Figure 4).

Most of the commonly encountered acids are oxy-acids
containing the structure X—O—H, where the central atom X
can be connected to other atoms or atom groups. As the acidic
hydrogen is bound to an oxygen atom, the bond strength
(length) is not an issue due to the binary nonmetal hydrides.
More exactly, the electronegativity of the central atom X
relative to the surrounding atoms in the molecule and the
number of O atoms around X determines the oxy-acid acidity
(pK,). The measured dissociation heat for a number of oxy-
acids shows a strong linear correlation with the pK, and the
plot allows one to interpolate the changes of the enthalpy
change of dissociation and association for an oxy-acid with pK,
= 4.5 (that would correspond to a carboxyl acid in the proton
delivery chain and/or to Qg itself) at pH = 0. The
thermodynamic quantities are AGy® = 2.303-RT-pK, = +6.0
kcal/mol, AHL® = +1.76 kcal/mol and T-ASy° = —4.24 kcal/
mol (dissociation) and AGy° = —2.303-RT-pK, = —6.0 kcal/
mol, AH,° = —1.76 kcal/mol and T-ASy° = +4.24 kcal/mol
(association). The actual (relevant) values of oxy-acid
association at pH = 7.5 should be calculated from the standard
values: AGY = —2.303-RT-(pK, — pH) = +4.02 kcal/mol =
170 meV, AHY = AHy® = —1.76 kcal/mol = —76 meV and
T-ASy = T-ASy° — 2.303-RT-pH = —5.81 kcal/mol = —252
meV.

Driving Force Assay of PT Mutants. The damaged
proton transfer route to Qg in PT mutants can be partly
recovered by rescue agents, which bind to the RC and ensure
H* ions and proper electrostatics for the transfer."®***” Due to
the proton limitation of k¥, the rate of recovery will depend

5466

on the difference of pK, of the rescuing acids (proton donor)
and pKy of the carboxyl group in the chain (proton acceptor).
The monomolecular rate constant of the proton transfer, k)5
is the product of the observed bimolecular rate constant ki)
and the dissociation constant of the rescuing agent Kp: K,y =
Kprkg). ™

Figure S demonstrates the results of a driving force assay
carried out in three different PT mutants where the damage in
the chain of protonatable residues was further and further from
the protein surface (closer and closer to the terminal proton
acceptor Qp~): H126HA/H128HA, L210DN/M17DN, and
L213DN."° A limited range of driving force (the standard free
energy of the reaction) would yield a close to linear
relationship with the logarithm of the rates of proton transfer
reactions (and hence the activation free energy). However, the
measured rates on a more extended free energy range exhibit
significant curvature and fit well to a quadratic relationship.
The deviation from the straight line is not due to limitation of
the diffusion, as the bimolecular rate constants of proton
transfer in these RC mutants are significantly smaller than the
upper limit of the rate constant associated with aqueous proton
diffusion k,,, = 1.4 X 10" M~1.s71%®

B DISCUSSION

Marcus Analysis of the WT and ET Mutants. The
kinetic data of the second ET were analyzed by Eyring plots.
To obtain the true activation parameters for the rate limiting
ET, both the nonadiabaticity of the ET described by the
Marcus theory’” and the thermodynamics of the proton pre-
equilibrium should be taken into account.

The maximum rate of ET can be estimated from EPR
experiments referrin% to exchange coupling in the semiciuinone
biradical Q,*"Q;*~* and from kinetic measurements:*' k_, =
3.5 X 10° s7L. On the basis of this value, the transmission
coefficient (adiabaticity parameter) can be calculated from eq
1: k = kyoh/(kgT) = 6 X 107*. This means that « is very far
from 1 for WT (and electron transfer mutants) indicating a
very small interaction energy between the electron donor and
acceptor (see the crossing of the parabolas in Figure 2).
Therefore, the rate limiting step of k., in WT is the
nonadiabatic electron transfer with small « value.

Due to the highly nonadiabatic nature of the ET, the
determination of the true entropy change of the ET from the
observed data requires modification both for proton
equilibrium and for (In «). In the wild type (ET-limited)
RC, the rapid protonation pre-equilibrium contributes
“normally” to the net activation parameters, with a negative
standard enthalpy, AHy® = —1.76 kcal/mol = =76 meV, a
positive standard entropy, T-ASy° = +4.24 kcal/mol = +184
meV and a negative entropy of mixing as the pH increases
(—2.303-RT-pH), so that T-ASY = —5.81 kcal/mol = —252
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k= = meV at pH 7.5. From the measured values AG*, = 8.7 kcal/
- \mn; mol = 380 meV, AH", = 4.5 kcal/mol = 200 meV, and
g Ty zes T-ASY, = —4.2 kcal/mol = —180 meV and eqs 2, we then find
< aéa T9T9 that the ET step has AGE: = +4.68 keal/mol = 200 meV,
-"é a AH}; = +6.26 kcal/mol = 270 meV, and T-ASE; = +1.61 keal/
3 < mol = 70 meV.
- The resulting value of free energy change of activation of the
Lﬁ % ’;; ET, AGl; ~ 200 meV gives very good correspondence with
g =l b expectations from Marcus theory for an ET reaction with
o
2] 51 8 % § § AGYr = — 250 meV and Agp & 1200 meV, ie., from AGh =
g [xm 7
£ Elg 7T [(AGSH + Agr)?/(4451)] and AGP = —dgr =+
& % = 2-\/ (Agr-AGEr). Tt should be noted that these relationships
g < are quite sensitive—at least, insofar as we have a narrow range
= of AGgr to fit. Even using temperature-dependent measure-
g T ments, the separation of AGgr and Agy is a challenge, as their
B a o ~ sum controls the rate coefficient in the Marcus equation.
3 X Mo 9o x Th g S
= £ S da = e gy ® 1.2 eV for the reorganization energy of the
25 @ I + 4 + JET . . -
o 2 a second interquinone ET fits to the wide range of values derived
= S g f > s 42,43 0, lecul
= 3 rom Dutton’s parametrization (~ 800 meV) to molecular
° g dynamics simulations** (~4 eV). It is in the range of typical
':"')o @ ; solvent reorganization energies for ET reactions in solution.
7] \:T* £ The intramolecular electron transfer to the heme from Ru
s = 5 3 derivates attached near the surface of cytochrome-c involves
g Gl uﬂ)“ reorganization energies in the range of 600 to 1200 meV.* In
= 2/ s chromatophores of R. sphaeroides, the transfer of the first
% . E electron in quinol oxidation by the cytochrome bc, complex
< g = = showed relatively high activation energy (680 meV) and
2 i \EQ; '7;’ reorganization energy (2.5 eV) that were unexpected from
5 = .
B B, S 2 Marcus theory and the short (~ 7 A) distances from the
& o 5l < structures.*® The anomaly was interpreted by a mechanism in
- = =1
- o 2 g which the electron transfer was controlled by coupled transfer
e 2 3 S of the proton. The temperature-dependencies of P*Q,~ —
< = é PQ, charge recombination in bacterial RCs with an altered
E =) “ primary acgeptorw’48 or with modified P/P* midpoint
= = = potentials*”*® or under electric field modulation®’ were
S = o ; associated with Agr ranging from *600 meV at cryogenic
(73 o)
» s ° temperature to X900 meV at room temperature. A much
2 \2’ S smaller reorganization energy (&~ 100—200 meV) was
-g hs simulated for the primary charge separation reactions in RC
® — g in accordance with the fast and nearly temperature-
2 E;; ®. independent kinetics of the charge separation.”” The analogous
S dagqa2g B P*Qg~ — PQy electron transfer has significantly larger
=1 ;U\.‘é 3933 E reorganizatio& energy of Agr = 1300 meV measured at room
2 2 ° temperature.”~ The larger reorganization energy of charge
g < f recombination from Qg than that from Q, reflects probably
g b the fact that the Q4 and Qg electron carriers are only partially
] %: © buried in the hydrophobic core of the RC, which is surrounded
< 0 -1 2 by a small belt of detergents in the aqueous phase. In addition,
=] TIF o vww 8 - — .
‘é’ 22X 3 the charges of Q,~ and Qg™ are not delocalized over large 7-
21 7T+ + 7 & :
9 213 9 electron systems as those of BChl dimer and monomers and
2 s |2 & . .. . :
) = P BPheo which participate in the early steps of charge separation.
E < = The closer localization of z-electrons on quinones makes the
> - electric fields acting on the surrounding amino acid residues
=) _ Q .
° E;‘; £ relatively strong.
g d o - A similar increase of Agr can be observed if the
) ~ nN o o x 9 L. . ET . .
.= ZeqaT & reorganization energies of the first and second interquinone
g Z = ETs are compared. While 930, 850,>* and 760 meV>> values
~— = — —
a <4 2 were reported at room temperature for the Q,"Qp = Q,Q3
o g reaction, we obtained 1200 meV for the reorganization energy
) ~z d & of the second Q, " QzH™ — Q,Qu> H electron transfer. The
‘:} g § S = E ‘é larger value is not out of the line for Qg-involved reactions in
— N - —_ =g . . . . . .
<= s [§ Saz ¢ RCs and indicates the more intense interactions of Qg with
2 & protein backbone dipoles or bound water dipoles than Q4.
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Table 3. Observed (Total) Thermodynamic Parameters of Protonation Mutants: Enthalpy, Entropy, and Free Energy of
Activation at pH 7.5 and Their pH-Dependence (in kcal/mol)“

strain/mutant AHE, T-AS!, + RTIn & AGHE, A(AHE)/A(pH) A(T-ASE)/A(pH) A(AGE)/A(pH)
WT + Cd 9.6 -12 10.8 133 +0.41 0.92
WT + Ni 16.6 +4.8 11.8 2.42 +1.41 1.0
M17DN + Cd 13.2 +1.7 11.5 3.61 +2.42 119
M17DN + Ni 12.0 +1.0 11.0 1.84 +0.74 1.10
L210DN + Cd 10.4 -1.0 11.4 2.96 +2.32 0.64
L210DN + Ni 15.0 +3.3 11.7
L210DN/M17DN 15.8 +4.5 11.3 0.78 —0.04 0.82
H173EQ + Cd 14.2 +2.8 11.4
H173EQ + Ni 17.3 +5.3 12.0
L213DN (pH = 4.8) 112 -038 12.0 025 —-0.92 1.16
L213DN/M44ND 16.0 +6.3 9.7
L213DN/M44ND + Cd 15.6 +4.7 11.7
L213DN/M44ND + Ni 16.4 +4.7 11.7 173 +0.88 0.84
“The entropy term is determined by the transmission term, «.
10 ———— 9-
. _-“A
L
8- i s
s
sl
£ 6 i H126HA/H128HA -~ v L210DN/M17DN
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Figure 4. Oxy-acid dissociation heats vs pK, at pH = 0 (data taken
from ref 36). The best fit straight line for the standard enthalpy
change is AH® = (0.7561-pK, — 1.6401) kcal/mol.

Additionally, the increase of Agr of the second ET relative to
that of the first ET suggests that even slight alteration of the
redox forms or possible displacement of Qg may result in
significant difference of the interactions with the surroundings.

Marcus Analysis of the Proton Transfer Mutants. The
communication between the aqueous bulk phase and Qg™ is
mediated by a chain of protonatable amino acids (Figure 1)
which assures very fast proton transport. The exchange of an
active proton carrier to a nonionizable residue by mutation or
disruption of the pathway by divalent cations at the proton
gate can be catastrophic as the rate of proton delivery drops
tremendously and becomes the rate limiting step of the second
electron transfer. Rescuing acids, however, can largely restore
the destroyed step in the bucket-brigade mechanism. The
chemical rescue appears to conform to a Marcus analysis
because it is a two-state system of donor (AH) and acceptor
(R) groups with relatively closely matched pK.s. As R can be a
carboxylic acid (or Qg itself) for which pK, =~ 4.5 has been
estimated'”'®"? (see Table 1), ApK, is in the ballpark of +3.
We expect that the Marcus analysis would give meaningful
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Figure 5. Marcus plots of the second electron transfer rates (kas™®)
for rescue of proton limited mutants (H126HA/H128HA,*
L210DN/M17DN,¥” and L213DN) by acids. The ky® values
were derived from the bimolecular rate constants k(,y of the chemical
rescue mutants by ks = Ky k() where Ky, was the dissociation
constant of the rescuing acids (~10 mM for amine-containing acids
and ~1 M for small acids). The driving force of the proton transfer
was calculated from the difference of pK values between the proton
accepting carboxyl group (pKy = 4.5) and proton donating acid
(pK,): 60 meV-(pKy — pK,). The fitted curves (dashed lines) to the
data were calculated from the Marcus rate theory for protons (eq 1
(eq 4)), and the parameters are given in Table 4.

parameters for the thermodynamics of the proton transfer in
proton limited mutants.

As the Marcus theory describes a wide range of charge
transfer processes including proton transfer, it can be used to
analyze the relation between the rates and driving force
provided by Figure S. According to the Marcus rate theory
applied to proton transfer,”®” the overall activation energy
AG" can be expressed by the standard free energy of reaction
with the required active site conformation AG°; and by the
intrinsic energy barrier (reorganization energy) A

DOI: 10.1021/acs.jpcb.9b03506
J. Phys. Chem. B 2019, 123, 5463—5473


http://dx.doi.org/10.1021/acs.jpcb.9b03506

The Journal of Physical Chemistry B

AGY
40y

2
AGH =w' + /1H-(1 + ]
()

The free energy of activation is extended by a works term w"*
that is independent of the driving force and constitutes the
constant part of the energy barrier as it does not change on the
driving force. Its introduction has practical and empirical
importance: it represents the part of the free energy of
activation that must be subtracted from AG* to be able to fit
the observed free energy of activation to the Marcus equation.
The reorganization energy is the value of the apparent
activation energy (AG" — w") at zero standard driving force
(AG°y = 0). It consists of two reorganization terms: the
energies for intramolecular and for solvent reorganizations.
The intramolecular reorganization is determined by the bond-
length change between donor or acceptor and proton, and the
solvent reorganization is defined by the donor—acceptor
distance and properties of the medium.

The standard free energy of reaction AG°; of the required
conformation is related to the observed overall free energy for
the reaction by works terms: AG®° = w' + AG°y — wP. After
insertion into eq 3, we obtain

2
AG, + wP — w'

AG* = w" + 4|1 +
4y

(4)

The works terms w" and w” include the electrostatic energy
of attraction of the reagents and repulsion of the products,
respectively. More specifically, w" and w® represent the energies
of catalysis in the dehydration direction and in the reverse
direction, respectively. In the case of nonenzymatic bimolec-
ular proton transfer reactions, these work functions were
introduced to measure the energy requirement to align
acceptor, donor, and surrounding water for facile proton
transfer.”” This concept has been extended into enzymatic
systems.”>” If AG® is large, the influence of w" and wP will be
small and they are usually neglected. In biological ET, the
cofactors are often preorganized, and the works terms are
properly absent. In proton transfer, however, this is not
necessarily the case.

The observed curvature in the plot of the logarithm of the
rate of proton transfer versus the driving force predicts the
validity of the Marcus free energy relation and indicates that
the Marcus theory can account for the kinetics of proton
transfer in bacterial RC mutants where the proton transfer is
the rate liming step in the second electron transfer (Figure ).
Moderately high intrinsic barriers (44 ~ 100—350 meV) and
works terms (w ~ 200—500 meV) were measured, and the
works term wP was always larger than w" (w® — w* &~ 100 meV)
(Table 4). In agreement with Hammond’s postulate for the
endergonic reaction, the transition state is closer to the
product than to the reactant state (the peak (AG",,,) is not at
the same position on the two adiabatic surfaces, Figure 2. The
structure of the transition state resembles the products (A
HR) more than the reactants (AH--R). This type of
comparison is useful because the transition state of proton
transfer is difficult to characterize experimentally. The free
energy of the transition state and that of the product are
changing parallel in the endothermic reaction: higher energy
transition state leads to higher energy product. Indeed, both

#
AGH, and AG® AA((APC:_‘S)
pH for all PT mutants (Table 3).

increased ( >0) upon increase of the

obs
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Table 4. Marcus Theory Parameters of the First Proton
Uptake in Proton Transfer Mutants of Bacterial RCs“

Works functions

proton transfer d wP
mutants intrinsic barrier AG* (meV)  (meV) (meV)
HI126HA/H128HA" 350 170 240
L210DN/M17DN* 290 180 340
L213DN 100 360 500

“Data were obtained by least-squares fit of eq 4 to rate constants for
intramolecular proton transfer ky;® given in Figure 5. The
transmission coefficient is at the adiabatic limit: x &~ 1. “Data from
ref 37 “Data from ref 35

In various gramicidin A channels, the Gibbs free energies of
activation (AG?) for protons are within the range of 280—300
meV in GMO (glycerylmonooleate) bilayers and of 210—230
meV in DiPhPC (diphytanoylphosphatidylcholine) bilayers.*’
In human carbonic anhydrase enzyme, similarly low intrinsic
barrier and works terms (430 meV) were measured for proton
transfer from a donor to a zinc-bound hydroxyl within the
active site of the enzyme as we observed in bacterial RC.>”
Once the donor and acceptor are in position for proton
transfer (e.g., along a preformed hydrogen bond), the intrinsic
barrier for nonenzymatic proton transfer between similar
groups is quite low (1 ~ 40 meV). If the process of simple
bimolecular proton transfer involves an intervening water
molecule, the apparent intrinsic barrier is higher, typically
about 200 meV. However, calculations of individual, pair wise
PTs resulted in much larger values of Ay & 3 eV with negligible
works terms, indicating the very small demand of energy to
arrange the water molecules for adequate function.”’ It
supports the conclusion, that long-range PT in bacterial RC
must consists of several, essentially adiabatic (k ~ 1) steps and
not of nonadiabatic, two-state steps as in ET.!

Our findings show that both the intrinsic kinetic barriers and
the works functions for proton transfer mutants in bacterial RC
are high compared to those with bimolecular, nonenzymic
proton transfers in solutions. These thermodynamic values
answer the question of why proton transfer in these RC
mutants is significantly slower than the upper limit of rate
constant associated with aqueous proton diffusion™ k,, = 1.4
x 101 M~hs7h

pH-Dependence of the Activation Parameters. The
enthalpy and entropy contribution of the free energy of
activation (AG" = AH* — T-AS") and their pH-dependence
are also highly informative characteristics of the thermody-
namics of the PT coupled ET. The observed (total) free
energy of activation and the enthalpy and the entropy
components are plotted in Figure 6 for WT and all mutants
used in this study. By having the smallest observed free energy,
enthalpy, and entropy of activation, the WT is located at a well
separated position in the 3D space of the thermodynamic
parameters. As often observed in uncatalyzed chemical
reactions in aqueous solution,”” the WT and a few mutated
(H173EQ) and Cd**-treated (WT, L210DN and M17DN)
RCs show negative activation entropy, which adds a penalty
(—T-AS") to the overall activation free energy. Such an
entropy demand is most often considered as sign of a loss of
freedom of the reactants as they pass through their transition
state. All the other electron transfer and proton transfer
mutants used in this study are characterized by high values of
observed activation free energy. It is due to the dramatic

max
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Figure 6. 3D plot of the components of the observed activation energy in WT and RCs modified chemically (divalent cations, Cd** and Ni**) or by
mutations (single (H173EQ, L210DN, M17DN, and L213DN), double (L210DN/M17DN), and revertant (L213DN/M44ND)) or both. The
RC:s of electron transfer limitation are marked by red and those of PT limitation by black. Note the considerable separation of WT from ET and PT

mutants.

increase of the enthalpy of activation (e.g,, changes of the
chemical bonds, desolvation, or electrostatic and conforma-
tional strains) which is only partially compensated by smaller
increase of the entropy. The loss of entropy involved in the
transition state (see WT) is overshadowed by other factors
both in the RC and in the surrounding medium leading to
entropy increase in these mutants. Some enzymes show very
large entropy increases: the extremely high rates of GTP
hydrolysis on the ribosome, for example, are explained by the
exceptionally large increase of entropy of activation.”’

The observed activation energy is the combination of those
of the true (ET and PT) and proton pre-equilibrium processes.
The thermodynamic data of proton pre-equilibrium were
separately studied using the oxy-acids as adequate model of the
RC. For proton uptake to a “normal” acid, including X—OH,
the standard entropy change is positive (T-ASy° = +184 meV
> 0) and the pH dependence should appear as a negative
entropy of mixing, AS//d(pH) < 0 leading to T-ASY{ = —252
meV at pH 7.5 (Table 2). In contrast, for the second ET at pH
7.5, the apparent (total) activation entropy, ASY, is positive,
and the slope, d(ASf,)/d(pH), is substantially positive in
almost all mutants except for WT and the singular L213DN
mutant, which show slightly negative pH dependence (Tables
1-3). This indicates that the protonation equilibrium
parameters are overwhelmed by the true activation parameters
of the electron transfer (a Marcus-type expression), which
must then have a large, negative AS; and a substantial
positive pH dependence in all strains except WT and the
singular L213DN mutant.

In WT RC, the entropy change of the activation of the ET is
positive (T-ASky = +70 meV), but the entropy increase is
small relative to the enthalpy change of 270 meV. Additionally,

5470

the wild type has a substantially smaller relative enthalpy
contribution than any other RC. Any manipulation of the
proton pathway—by mutation or by divalent cations like Cd**
or Ni**, which inhibit the capture and entry of protons into the
proton conducting pathway” —results in a larger net enthalpy
of activation and a less negative entropy. However, this partial
offset is almost certainly not a significant “enthalpy—entropy
compensation”.””** It is very unlikely that the ET step is
intrinsically altered by these mutations and conditions, so this
presumably corresponds to a progressive change in the non-ET
modifier, from the rapid protonation pre-equilibrium to a rate
limiting proton transfer (PT-limited).

For a significant group of RCs that are not ET-limited, the
enthalpy increases and the entropy contribution becomes
much less negative (Table 3). This includes all RCs in the
presence of Ni**, which appears to be the most effective
inhibitor of proton entry, and for the double mutants
L210DN/M17DN, where the proton pathway is disrupted,
and for L213DN/M44ND. However, it is not true for the
single L213DN mutant, which is the most severely PT-limited
of any created mutants by blocking the branching point of the
proton pathway at a site nearer Qg (Figure 1). The increase of
the entropy is likely due to increasing contributions from the
proton activation parameters, as this becomes rate limiting,
When the reaction is distinctly PT-limited, as with Ni*', the
activation process is almost entirely enthalpic at pH 7.5, but
the pH dependence is strong and positive for both enthalpy
and entropy. The positive slope suggests that H" binding, per
se, may not be involved in the rate limiting step. It could,
perhaps, be the formation of a hydrogen-bonded pathway,
including solvent water, as has been well supported for

. s8 I . o
carbonic anhydrase’® and almost visualized in microbial
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rhodopsins.”® The positive pH dependence may reflect an
increasing surface charge on the protein® and its influence on
counterion binding and release due to the bonding rearrange-
ments involved in establishing the proton conductive pathway.
However, the dissimilar behavior of the L213DN mutant is
remarkable and indicates a very different kind of limitation.
The negative pH dependence of AS!, may show the
requirement for H' binding in reaching the activated state.

Bl CONCLUSIONS

We expect that the second electron transfer in bacterial RC
serves as model system of coupled electron and proton
transfer, and activation measurements performed in this study
will be useful for checking the validity of models for proton-
coupled electron transfer in other proteins or ion channels
such as cytochrome oxidase or the water evolving system of
green plants. Although the formal expansion of our results is
clearly beyond the scope of this paper, a driving force assay
would reveal the rate-limiting step in a supposed process and
whatever the rate-limiting step may be, the measured free
energy of activation must be in consonance with data
presented in this paper.
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