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The coupling of protonation and reduction is crucial in many biological charge transfer reactions and is known
as redox Bohr effect. It is caused by electrostatic interactions between protonatable and redox-active groups.
In this study, | describe a method to calculate protonation and oxidation probabilities depending on the solution
pH and redox potential. The energetic calculations are based on the linearized P&ekmmann equation.

The actual calculation of the oxidation and protonation probabilities is done with a hybrid statistical mechanics/
Tanford—Roxby approach. The method is applied to cytochrage small protein that binds four hemes.

The protein is known for coupling a protonation to the reduction reactions. The propionate D of heme |
shows the strongest redox potential dependence of its protonation probability and is thus most likely responsible
for the redox Bohr effect. The computational results agree well with experimental data. Because of the
interactions between the many titratable groups in proteins, titration curves often deviate significantly from
the sigmoidal shape of HendersaiHasselbalch or Nernst titration curves. This deviation requires the definition

of pKy and E° values that depend on the pH and solution redox potential. The definitionK odnm E°

values provided in this study are appropriate for discussing the energetics of protonation and redox reactions
throughout the whole investigated pH and solution redox potential range.

Introduction

The coupling between electron and proton transfer plays a
crucial role in many biologically important reactions. Often this
coupling is of electrostatic nature. A proton neutralizes the
negative charge of an electron. The reduction of a redox-active
center raises thel value of an adjacent protonatable group
and makes it thus more likely that a proton can neutralize the
negative charge of the electron. Such a coupling can be observed
in the photosynthetic reaction center, cytochromg and
probably in most electron transfer processes that are coupled
to a proton transfer. This phenomenon is also known as the
redox Bohr-effect. Other mechanisms use an electrochemical
coupling, i.e., the redox-active group and the protonatable group
are identical. Quinones couple, for instance, electron transfer
and proton-transfer reactions using such a mechanism. Often
different mechanisms are combined in one protein to couple
the proton and electron transfer processes.

Although the titration behavior of proteifis* and the Heme IV
influence of mutations on midpoint potentigi$®are intensively
investigated theoretically, only a few studies investigate the pH
dependence of midpoint potentidls?2 In most studies, the
influence of the redox state on the protonation pattern is
investigated. The influence of solution redox potential and pH
on oxidation and protonation probabilities of the redox-active
and protonatable groups is, however, usually not considered.

Figure 1. Structure of cytochromes; from Desulfaibrio vulgaris
Miyazaki. The protein binds four hemes. The numbering of the hemes
used in this study is indicated in the picture.

reducing enzymes. Upon reduction of cytochrocgeprotons

bind to the protein (redox-Bohr effect). Despite its moderate
. " . ~'size, cytochromes possesses more than 40 protonatable groups,
Cytochromecs (depicted in Figure 1) is a part of the sulfate of which eight are the heme propionates. All four hemes in

reducing electron-transfer chain in bacteria that useagian toch ] h ith two histidi dinati
energy source. Cytochroneg can be found in the periplasm of ~ CY!OCNTOMELs arec-type heme with two histidines coordinating
to the iron. Although all four hemes are of the same chemical

these bacteria where the pH is about neutral. This tetraheme

cytochrome transfers electrons from hydrogenase to sulfate-nature, their midpoint potentials differ. It is generally accepted
that the protein environment is responsible for shifting the redox

*E-mail: ullmann@scripps.edu. Fax: 858-784-8896. potential of prosthetic groups. The differences of the midpoint
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potentials are caused by different interactions with other chargedthe K, value and midpoint potentials, as a function of the pH
and polar groups of the proteins and by different solvent value and redox potential of the solution.

accessibilities of the hemes. Because protonatable groups Description of Acid—Base and Redox ReactionsThe
contribute also to the midpoint potential differences, the protonation equilibrium of a single protonatable group can be
midpoint potentials of the hemes in cytochromedepend on described by eq 2, whet€, is the equilibrium constant.

pH. Understanding of the pH dependence of midpoint potentials

in cytochromecs is important for the understanding of the HA éA_ +Ht K = IA_||H+I )
coupling between protonation and reduction. é A

Due to the interaction between the heme groups, the redoxThe pH of the solution and thek of an acid are respectively
titration behavior of individual hemes in cytochrorgdoes defined as the negative decadic logarithm of the hydrogen ion
not follow the Nernst equation. The interaction of the heme concentration (pH= —Ig[H*]) and theK, value (K. = —Ig
centers with titratable groups is the reason for the pH dependentk,;). With these definitions one obtains the Henderson
redox potential. Its electrochemical complexity and moderate Hasselbalch equation (eq 3) from eq 2.
size make cytochrome; a good model protein to study the
electrostatic coupling of proton and electron transfer in molec- [AT]
ular bioenergetic systems. pH=pK,+lg ﬁ 3)

In this paper, | describe a method for calculating the )
protonation and oxidation probabilities in proteins with multiple  The [Kavalue relates to the standard reaction free en@fy
protonatable and redox-active groups depending on pH and@s given byGp, = —RTIn 10 pKa. The probabilityXthat the
solution redox potentials. | use electrostatic calculations based@cid HA is protonated is given bi(i= [HAJ/(HA] + [A7]).
on the PoissorBoltzmann equation and a hybrid statistical With this definition, and egs 2 and 3 one obtains
mechanics/TanfordRoxby method to compute protonation and - .
oxidation probabilities. In the first part of the paper, | describe exp( In 10 (pH — pK,))
the theory and the method to calculate protonation and oxidation 1+ exp(=In 10 (pH— pKy))
probabilities in proteins with many protonatable and redox active )
groups. In the second part, | apply the new method to calculate From €q 4, one can read that the free endegy, required to
the coupling between protonation and reduction of cytochrome Protonate a titratable group at a given pH and temperature is
cs from Desulfaibrio vulgaris Miyazaki. The computation ~ diven by eq 5.
agrees well with experimental data, and groups which are

(4)

) . . . xO
involved in the redox-Bohr effect are identified. Gprot= RTIn 10(pH— pK,) = —RTIn =50 (5)
Theory and Methods The description of a redox equilibrium is very similar to that

of an acid-base equilibrium. The equilibrium between the redox

Formulation of the Problem. Given is a system witiN couple Ax/A,is defined in eq 6

protonatable groups aritl redox-active groups. The charge of
the protein depends not only on pH but also on the solution

. ; _K _ A
redox potential. If one assumes that each titratable (protonatable A,te — Aled Ker = 'E\—@d]T (6)
or redox-active) group can exist in two states, protonated and [Aodle]

deprotonated, or oxidized and reduced, the protein possesses . _
ONHK different protonation and redox states. Each state of the "/'€"€Ker is the equilibrium constant. Analogously to the pH

protein can be described by A{K)-dimensional vectox and the [, in the derivation of the HendersetfHasselbalch

specifying the protonation and redox state of the protein. The tehquatl_gn (.e ? 3)’t0nt?a(ljfff";?1 the jolutlon rledo>/<Ap_oteEtI?h_d
components, of that vectorx adopt either the value 1 or 0, € midpoint potent of the redox couple &/Aeq asE =

. . C —RT/F In [e7] and E° = RTF In Kgrt, respectively. Here,
depending on whether the grouppis protonated (oxidized) or . . X
deprotonated (reduced). however, the natural logarithm rather than the decadic logarithm

. S o is used. With the factdRT/F, whereF is the Faraday constant,
The protonation or oxidation probabilitg,Cof the groupu

L . . one obtain€ andE® in the unit Volt. The relation betweds®
is given by a thermodynamic average over all possible proto- and the standard reaction free ene@fy,,, is given byG?
nation and redox states given by eq 1

redox
= FE°. With these definitions and eq 6 one obtains the Nernst

equation (eq 7) which is analogous to the Hendefrson

oNHK i Hasselbalch equation (eq 3).
Zxﬂ exp(-G,/RT) (Al
&

X, 0= —— @ E=E+ R?Tm - @
2 [Arecil

Z exp(-G,/RT)
n= The probabilitylXthat a redox-active group is in its oxidized
state is defined a&0= [AoJ/([A d T [Aod). In analogy to
wherex is 1 or 0 depending whether the groujis protonated eq 4, the relation between the probabiliy, the solution redox
(oxidized) or not in staten, G, is the free energy of the  potentialE, and the midpoint potentid® is given by eq 8.
protonation and redox state R is the universal gas constant,

and T is_ the temperature. 'I_'he p_robability of a par_ticular exF(i-l(E_ E°))
protonation or redox substate involving more than one titratable R
. ; " XC= (8)
group can be obtained analogously to eq 1. From this probability, 1+ exp{ F E— Eo))
LJit is possible to calculate the energetic parameters, such as
x,LJit is possibl lcul h getic p h RT(



Protonation and Reduction Coupling J. Phys. Chem. B, Vol. 104, No. 26, 20068295

Consequently, the free ener@y.qoxrequired to oxidize aredox- ~ The summations in eq 10 run over thg, atoms of grougu

active group at a given redox potential of the solutiois given that have different charges in the protonated @), and in
by eq 9. the deprotonated (dpfﬂ) form. The first summation in eq 11
runs over theN, charges of the protein that belong to atoms in
G = —F(E - E°) = —RTIn O 9) nontitratable groups or to atoms of titratable groups (ngt)to
redox 1-00 in their uncharged protonation form. The second summation in

eq 11 runs over thB, charges of atoms of the model compound

Computation of the Protonation/Redox State Energy for that do not have different charges in the different proto-
a Protein. For the energy calculation of a particular protonation nation forms. The termem(ri, QZ), Om(ri, Qg), Bp(ri, Q";), and
and redox state of the protein, the following energy terms are 4 (r; Q% denote the values of the electrostatic potential at the
required: the Ka values of proper model compounds for the positionr of the atomi. The electrostatic potential was obtained
protonatable groups, the midpoint potential of a proper model py solving the PoissonBoltzmann equation numerically using
compounds for the redox-active groups, the difference betweenine shape of either the protein (subscript p) or the model
the (K value of the model compound and thié;value of the  compound (subscript m) as dielectric boundary and assigning
protonatable group in the reference state of the protein, thethe charges of the titratable groupin either the protonated
difference between the midpoint potential of the model com- (Qﬂ) or the deprotonatedq‘j) form to the respective atoms.

pound and the midpoint potential of the redox-active group in These two energy contributions and té,palue of the model
the reference state of the protein, the interaction between the model 5 e combined to the so-called intrinsip

. . . ~compound K,
protonatable groups, the interaction between the redox-actlvevalu e K (eqﬂ 12) of the residue
groups, and the interaction between the redox-active groups and au '
the protonatable groups. ) del 1

The intrinsic X, values and intrinsic midpoint potentials are pKa,':Lr = pK.-T/f ¢ — M(AAGpBroortn# + AAGE;OctkM)
the K, values and midpoint potentials the titratable groups (12)
would have if all other titratable groups in the protein are in
their reference protonation form. Therefore, intrindigpalues ~ The intrinsic K, value is the [, value that this group would
and intrinsic midpoint potentials are only useful theoretical have if all other protonatable groups are in their reference
constructs rather than measurable quantities. To computeprotonation or oxidation form. | use the uncharged form as
intrinsic K, values and intrinsic midpoint potentiald{pvalues reference form. The interactiof,, between the two groups
and midpoint potentials of a model compounds are required. andv in their charged form is defined in eq 13.

These values can be obtained either from experiment or from

quantum chemical calculations. Sometimes only quantum Nou h d N 4

chemical calculations are able to obtain the midpoint potentials W, = »[Q,;i — Qullop(ri,Q)) — ¢(riQ)]  (13)

for model compounds of prosthetic groups in proteins, because =
appropriate model compounds cannot be synthesized.

If only electrostatic contributions cause the difference between
the protonation or reduction energies of a titratable group in a
protein and in aqueous solution, the PoissBoltzmann
equation provides a reasonable approximation of this energy
difference. One contribution to the intrinsi&pvalue of group
u pK';Lr is the K, value of a proper model compound of the 1 redox edox
protonatable group in aqueous solution Kf**®. Transferring By = Emodeny T E(AAGBornﬁ + AAGyygi,)  (14)
the protonatable group into a protein, in which all other

protonatable groups are in their uncharged protonation or  The termAAGE*arises from the interaction of the charges

Born

oxidation form, causes an energy shift. This energy shift can of the redox-active group with its reaction field. The term
be separated into two contributions. The first energy contribution s A gredox oiices from the interaction of the charges of the

AAGgon is @ Born-energy-like term (eq 10), which arises from o0, % ive group; with invariant background charges and
the interaction of the charges of the protonatable group with its | it the charges of the reference form of all other titratable
reaction field. The second energy contributidtAGpcx arises groups.

from the interaction of the charges of the protonatable group

Similar to the definition of an intrinsic K, value, | define

an intrinsic midpoint potentigy,, , for the redox-active group

17. The intrinsic midpoint potentieky,, , is the standard redox

potential that the redox-active group would have if all other
titratable groups are in their respective reference form.

with nontitrating background charges and with the charges of Noy,
the uncharged form of all other titratable groups (eq 11). AAGrBegr«r):;7 :5 > QZ)?[%(H;Q,C;X _ ¢m(ri;Q2X)] _
prot  _ & h .Ah .Ah 1N
AAGgq, —5 Quil#p(ri; Q) — énml(risQl — z Q;]eﬁ%(ri;Q;ed) — ¢m(ri;Q:76d)] (15)
= 24L& '
1 d d d :
; Qﬂ,i[(l’p(ri;Qu) - ‘Pm(ri;Qlu)] (10) No
2= AAGRG, = Y alyriQ)) — dyriQyl —
< h d : Nn
AAGER, = 5 aloyriQl) — ¢ Q] — Albn(riQ)) — (ri QN (16)
=

N

Gl Q) — o QD] (11) The meanings of the symbols in egs 15 and 16 is analogous to
1= the meanings in eqs 10 and 11.
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The interactionJ,,, between the redox-active groupsand
x is given by eq 17.

Nay

U, = S 1Q% — Qo Q) — o(r, Q@Y (17)

The interactionV,,, between the redox active groupsand
protonatable group is given by eq 18.

Noy

V,, = Y 1Q% — QMeyr Q) — ¢,(r,QD]  (18)

Noyu

= 3 [Qh — Qull Q) = 9(riQy)

The energy of a particular protonation and redox state
which is characterized by the state ve@dr= (X7,%5,... Xy
depends on the pH and the redox potertEaif the solution. It
is given by eq 19, where the valuexjfis 1 or 0 depending on
whether groupu is protonated (or reduced) or naf; is the

unitless formal charge of the deprotonated (reduced) form of

groupu.
N ) 1 N N
G,= ﬂzl(x; RTIn 10(pH— pK},)) + Eﬂ;z (W, (X + )
K 1 K K
G +ap) — ”Zl(xﬂ“ FE - Eqp)) + 5’;;(%(&"7 + )
K N
G+ a) + ;#Z‘(VW,(XQ + 006G+ q7) (19)

In eq 19, all sums witlx or v as index run over all protonatable
residues; all sums with or y as index run over all redox-active

Ullmann

is

is s
N _ intr - Ns
ZX“ RTIn 10(pH— pKg,) + Z ) (W, (X +

G™(K) = !
£ 2

g+ ap)

is N
+ Z (W, (e + g, (K TH- a))
u=lv=Ig+1
J

.S jS jS

Ns _ ) 1' s O
- ; F(E — Ehw,) + 2;;(%7%()@ + ) x
0+ )

js K
+ Z (U, (X + o) (B, (KT )
n=1y=Jst1
is K
+ Z (V. (% + ), (T 7))
u=1n=jst1
Is N

* 17214‘:!5 l(vmt( T q;)(Dkﬂ(k)D'F q;)) (20)

The average protonatidig(k + 1)of groupsin the k + 1)th
iteration is calculated from eq 21.

2istis

> x> exp(-G*(K/RT)
1

X(k + 1)0= "

(21)

2istis

Zexp(—G“s(k)/Rn

The same procedure is applied to B+ K titratable groups
and iterated until self-consistency is reached. The calculation
must be repeated at each pH and solution redox potential in
order to obtain a titration curve. In the first iteration step, the
pKJ/E® values are assumed to be identical with the intrinsic

groups. The actual oxidation or protonation probabilities can pKy/E° values. Note that for each group a different set of
be calculated, for instance, by the Monte Carlo titration method, titratable groups will be treated exactly. A flowchart of the
the reduced site approximation, or hybrid statistical mechanics/ algorithm is depicted in Figure 2.

Tanford-Roxby method324 Because | encountered serious . _ .
sampling problems for some residues of cytochramgespite _To_achleve a more reliable convergence, I modified the
using the Monte Carlo titration method of Beroza ef al. Criterion for defining the cluster of residues that are treated

(unpublished results), | used a hybrid statistical mechanics/ €xactly during the iterations. All residues whose interaction
Tanford-Roxby method. energy with the central residisés larger than a certain threshold

Hybrid Statistical Mechanics/Tanford —Roxby Titration. are included in the exactly treated cluster (first coupling limit).

| adapted the original hybrid statistical mechanics/Tanford lrgs?:::;()tnr;atthiofslfli/ee? thsat\:olgt?rat(g tvhegyczgﬁglglze;’\i’ggetgere
Roxby algorithmd* to include the solution pH and redox P y gl

potential. The algorithm combines a direct evaluation of included in the exactly treated cluster (second coupling limit).

the statistical averagewith the Tanford-Roxby approxima-
tion®

Structures and Parameter.In the calculations, | used the
structures of cytochromes from Desulfaibrio vulgaris Miyaza-
ki (PDB code 2CDV36 having a resolution of 1.8 A. All water
molecules were deleted. Hydrogens were added with HBEILD
in CHARMM?28 and subsequently minimized using the AMBER
94 force field?® The hemes are numbered according to the
sequence order of the cysteinyl residues to which they are bound.
This numbering is usually used in experimental studies but does
not match the numbering in the PDB file. The numbering is
also depicted in Figure 1.

In this approach, the protonation and oxidation probabilities
of the N + K titratable groups of a protein are calculated as
follows. Theis protonatable groups arjdredox-active groups
that interact with a particular growgstronger than a given cutoff
energy are treated exactly. The remainMg- is andK — js
groups are considered by a Tanfef@oxby approximation. The
energy of the protonation substaigof the (s + js) residues in
the kth iteration is given by eq 20
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Read Input; Identify Groups
for Exact Treatment and
Approximate Treatment;
pH = pH (start); E = E (start)

Y

Inital Protonation and
Oxidation Probability

Y

Calculate the Energies
and Protonation and
Oxidation Probabilities

Y

I Update Protonation ]

pH = pH (end)

pH = pH + ApH

Figure 2. Flowchart of the hybrid statistical mechanics/Tanferd
Roxby approximation to calculate protonation and oxidation prob-
abilities.

The intrinsic K, and E° values were calculated by solving
the PoissorBoltzmann equation using the program MEAZS!
All aspartates, glutamates, histidines, lysines, arginines, ty-

rosines, the N-terminus and C-terminus of the protein, and the
heme propionates were considered as protonatable groups. Th

hemes were considered as redox-active groups. Khegdues

of the model compounds were taken from the literaf&if@ The
redox potential of the bis-histidinyl heme model compound was
set to—220 mV32 The atomic partial charges for most atoms
were taken from the AMBER 94 force fiefd. The partial

charges of the hemes and the linked residues (two histidines

modeled by methyl-imidazoles and two cysteines modeled by
methyl-thiols) were obtained from a density functional calcula-
tion (functionals VWN334and PW9%) using the ADF program
package®® The electrostatic potentials obtained from the density
functional calculation were fitted using the CHELPG-algorithm
combined with a singular value decompositf§iThe charges
are given in Tables S1 and S2 in the Supporting Information.
The ionic strength, the dielectric constant of the protein, and
the dielectric constant of water were setto 0.1 M, 4.0, and 80.0,
respectively. The electrostatic potential was calculated by
focusing using two grids of 12% 121 x 121 grid points and
grid spacings of of 1.0 and 0.25 A. The first grid was centered
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residues that couple stronger than 1.0 kcal/mol to residues that
couple stronger than 1.0 kcal/mol to the central residue are
treated exactly. A protonation or oxidation probability was
assigned to all other residues. The hybrid statistical mechanics/
Tanford—Roxby procedure was iterated until the difference of
the protonation or oxidation probability of each group was less
then 0.01 between two subsequent steps of the iteration. Usually
less than three iterations were required to meet this criterion.
The protonation and oxidation probabilities were computed in
the pH range from 0.0 to 14.0 in steps of 0.1 pH units and in
the solution redox potential in the range fren700 to 300 mV

in steps of 10 mV.

Results and Discussions

A Critical Analysis of Using the Terms Midpoint Potential
and pKj, Value for Protein Titration Curves. In proteins, the
protonation or oxidation probability of usually more than one
titratable group depends on the pH or redox potential of the
solution. Consequently, the interaction between these titratable
groups depends also on the pH or redox potential of the solution.
Because of these interactions, titration curves of titratable groups
in proteins can deviate considerably from sigmoidal Nernst or
Hendersor-Hasselbalch titration curves of isolated titratable
groups. Thus it is sometimes impossible to assign a unique
midpoint potentiaE® or pK, value to a specific titratable group.
Therefore, the pH value at which the protonation probability
of the protonatable group is 0.5 is often used instead to describe
the titration behavior. Likewise, the solution redox poterital
at which the oxidation probability of the redox-active group is
0.5 is used to describe the titration behavior. These values are
called Ki» and E3;, values, respectively. For isolated proto-
natable or redox-active groups, th&yp and Ej, values
coincide with real g, and E° values. In molecules such as
proteins in which titratable groups interact, titration curves have
often a nonsigmoidal shape. Therefore, one cannot relate the
pKy2 or Ej, values directly to an energy difference. Thus,
these values are not appropriate to discuss the pH or redox

gotential dependence of the energetics of catalytic mechanisms

in proteins. Equations 22 and 23 define th&,andE° values
on the basis of the protonation or oxidation probabilitieS

B 1, &0

pK,=pH + m 10In1 o0 (22)
RT O

E°=E— —l 23

F'— 50 (23)

These definitions are more appropriate thakyp or Ej,
values to discuss the energetics of proton or electron transfer
reactions or enzymatic mechanisms, because they relate directly
to energies by egs 5 and 9. According to these definitions, the
pKa value depends explicitly on pH and tB8 value depends
explicitly on E. Both values depend also implicitly on pH and

E, because the probabilitkCdepends on pH anB (egs 1 and

19). The direct and the indirect dependencies cancel for standard
Hendersor-Hasselbalch or Nernst titration curves yielding pH-

on the protein or the model compound, the second grid was and E-independent I§; and E° values. Figure 3a depicts the
centered on the titratable group. These grids were used for thecalculated pH-dependence of the protonation probability of a

model compound as well as for the protein.

The actual titration was done with a hybrid statistical
mechanics/TanfordRoxby procedure as described above. If the
interaction energy of a group with the central graypas larger
then 1.0 kcal/mol, the group was treated exactly in the hybrid
statistical mechanics/TanfordRoxby procedure. In addition, all

propionate D of heme Il in cytochrone and a Hendersen
Hasselbalch titration curve with the sami€;p value. Further-
more, the pH dependenKpvalue calculated by eq 22 is shown.
The pH dependentify value differs substantially from the<gy,.
Figure 3b shows a similar plot for the solution redox potential
dependence of the oxidation probability of heme | in cytochrome
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a) pH dependent pK, value TABLE 1: Residues in Cytochromec; from Desulfavibrio
vulgaris Miyazaki that Have Interaction Energies Larger
1 as than 1.0 kcal/mol with the Hemes
o8 interaction energy
o 4 heme interacting residue [kecal/mol]
8 y heme | heme Il 13
o4 . heme Il 1.4
o / propionate A (heme 1) 2.0
) propionate D (heme I) 3.6
o s Tyrd3 2.1
° L heme II heme | 1.3
o propionate A (heme II) 2.7
b) E dependent £° value propionate D (heme II) 1.8
1 -250 propionate D (heme I) 14
Tyr65 1.3
08 300 His67 1.2
08 _ heme Ill heme Il 1.3
8 E 0 heme | 1.4
04 w propionate A (heme Il1) 3.4
400 propionate D (heme IIl) 1.9
o2 heme IV heme Il 1.3
0 _a50 propionate A (heme V) 24
oS e T 0 S A e e propionate D (heme 1V) 3.9
Figure 3. (a) Left: The solid line shows the pH dependent protonation %:gg gi

probability of propionate D of heme | & = 0 mV computed by the
hybrid statistical mechanics/Tanfor@Roxby approach. This group
shows a nonsigmoidal titration curve. For comparison, a Henderson pronounced for her:we |. The pH dependence ofEﬂjgva_lue_s
Hasselbalch titration curve (eq 3) with the sank@pvalue is shown and the averageE® values computed from the oxidation

in the same graph by a dashed line. Right: The pH dependént p probabilities using eq 23 are shown in Figure 5. The protonation
value (solid line) calculated by eq 22 can deviate significantly from probability of the propionate D of heme | depends strongly on
the so-called Ky value (dashed line). (b) Left: The solid line shows  the solution redox potential. Most likely this group is responsible
the solution redox potential dependent oxidation probability of heme 5, the experimentally observed redox Bohr effé&ct? The

Il at pH 7.1 computed by the hybrid statistical mechanics/Tanford "
Roxby approach. This group shows a nonsigmoidal titration curve. For computedApK, for the transition from the totally reduced to

comparison, a Nernst titration curve (eq 7) with the s&Efjgvalue is the totally oxidi;ed form is about 4 pH units. This value is larger
shown in the same graph by a dashed line. Right: The solution redox than the experimental value of 2.Kpunits for cytochromes;
potential dependeri® value (solid line) calculated by eq 23 can deviate from Desulfasibrio wulgaris HildenborougH?® There may be
significantly from the so-called u, value (dashed line). Both, the  several reasons for the difference between the experimental and
PKa value and thee® value defined in eq 22 and 23 respectively can  theoretical results. The sequence of cytochram@om Des-
be related to an energy and are thus appropriate to discuss the energetiGg¢o inriq ,ulgaris Hildenborough and fromDesulfaibrio
of pH and solution redox potential dependent reactions in proteins. . . . - . .

vulgaris Miyazaki are different, which can cause a different
c3 in comparison to a standard Nernst titration curve and the titration behavior. Furthermore, the structure of cytochrame
solution redox potential dependence of tB& value. The undergoes changes upon reductibithese structural changes
diagrams underline the importance to consid€sgndE® values are not considered in the electrostatic calculation. The calculated
that depend on pH and solution redox potential to discuss the pK, change occurs in the solution redox potential and pH range
energetics of biochemical reactions, because these values relatthat was found experimentally and thus agrees with experimental
directly to the energetics of the protonation and redox reactions. data. The overestimation oKp shifts is a known problem of

Also, experimentally determined titration curves do often the electrostatic titration methé#3! The K, value of propi-
show a non-HendersetHasselbalch or non-Nernst titration  onate D from heme | shifts in two steps as can be seen in Figure
behavior. Therefore the experimentally determinkgjvalues 4. Thus, the first step of thelg shift couples to the reduction
or Ej, are not appropriate for discussing the energetics of of heme I, the second step to the reduction of heme I. The
biochemical reactions. Rather pH and solution redox potential coupling of the K, shift of propionate D of heme | to the
dependent g, andE° values as defined in eqs 22 and 23 should reduction of heme Il is also supported from the structure because
be used for this purpose. this propionate is in proximity to heme IlI.

Oxidation Probabilities of the Hemes and Protonation Table 1 lists the groups whose interaction energy with the
Probabilities of Heme Propionates. Figure 4 shows the  heme redox active group is stronger than 1.0 kcal/mol. The
calculated oxidation probabilities of the hemes and protonation hemes interact most strongly with their own propionates. The
probabilities of the heme propionates and some amino acid interaction of heme Il with propionate D of heme is larger, 1.4
residues of cytochromes. However, all protonatable and redox  kcal/mol, which is also a strong interaction. Propionate D of
active groups have been considered in the titration calculation. heme | is the titratable group that is responsible for the redox
The probabilities are color coded as indicated by the scales nextBohr effect. Only a few amino acid residues interact strongly
to the graphs. As one would expect, the midpoint potential of with the hemes. Thus it is unlikely that they are directly involved
the hemes decreases with increasing pH. The more the proteinn the redox Bohr effect. Nevertheless, amino acid residues
gets deprotonated the harder it gets to reduce the hemesinfluence the redox Bohr effect by shifting th&of the heme
Likewise, the X, values of the protonatable groups drop with propionates indirectly.
increasing solution redox potential. The more hemes are reduced, The experimentally determined midpoint potentials of the
the easier it becomes to protonate nearby titratable residues. hemes of cytochrome; from different sources range from200

The oxidation probability of all hemes is pH dependent. The to —400 mV. The actual values and the assignments to the
pH dependence is less pronounced for heme Il and mosthemes differ depending on the research group performing the
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Figure 4. Calculated oxidation and protonation probabilities of the hemes, the heme propionates, and some amino acid residues of @gtochrome
from Desulfaibrio vulgaris Miyazaki. The probabilities are color coded as indicated by the scales next to the diagrams. The green color indicates
when protonation or oxidation probability of the residues is about 0.5, i.e., the middle of the green band indicates approximately the pH dependence
of the E° value or the solution redox potential dependence of tevalues. A detailed explanation of how to read these diagrams can be found

in Figure S1 in the Supporting Information. The protonation probability of propionate D of heme | shows a strong dependence on the solution redox
potentialE. Most likely this group is responsible for the redox Bohr effect in cytochrogn&@he Kzs of most of the other heme propionates show

also a dependence on the solution redox potential. This dependence is, however, much less pronounigsl.of lanmo acid residues do not

show a strong dependence on the solution redox potential. All amino acid residues not shown in this figure show an even less pronounced redox
potential dependence of their protonation probability. The interaction energy between the hemes and the four residues for which the protonation
probability is shown in this figure is listed in Table S3 in the Supporting Information.

experiments, the method used to measure the midpoint poten-well with the redox potentials determined by other groups and
tials, and the method to assign the midpoint potentials. Akutsu for other system&%-48 The assignment of the midpoint potential
and co-worker® measured at pH= 7.1 midpoint potentials of  to particular hemes is, however, very controversial. Different
—260, —312, —327, and—369 mV for cytochromecs from groups obtain different assignment for the cytochram&om
Desulfaibrio vulgaris Miyazaki. These values agree reasonably Desulfaibrio vulgaris Miyazaki*>4%50or from closely related
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o0 . Figure 7. Population probabilities of the six different redox states of

cytochromecs from Desulfaibrio vulgaris Miyazaki at pH= 7.1 that
have a population probabilities larger than 0.1. The redox states are
designated by a four letter code: [RORR] describes, for instance, that
heme Il is oxidized (O) and all other three hemes are reduced (R).

Figure 5. pH dependence of th&], value (solid line) and the
averageE® values (dashed line) computed from the oxidation prob-
abilities using eq 23. Th&° values were included in the calculation
of the average if the oxidation probabilitiedwere between 0.05 and
0.95. redox states and 32 microscopic redox potentials can be defined.

For energetic reasons, not all redox states may, however, been
populated to an significant extent. Figure 7 shows the calculated
solution redox potential dependent population probability of all
redox state at pH= 7.1 whose population probability is larger
than 0.1. Only 6 of the 16 states are significantly populated
according to the calculation. Some of the other redox states are
virtually unpopulated. If this behavior reflects reality, not all

of the 32 microscopic redox potentials would be measurable.

0.8

0.6 -
<X>

04 | : Conclusion

In this study, | present a method to compute protonation and
] oxidation probabilities depending on the solution redox potential
and pH. With this method it is possible to investigate the
electrostatic coupling of redox and protonation reactions in
' ' ' proteins. Such couplings are important for proton pumping

E_[?’r?R/] 200 -100 0 mechanisms in membrane-bound respiratory and photosynthetic
protein complexes. The theoretical method can pinpoint which

c; from Desulfaibrio vulgaris Miyazaki at pH= 7.1. The hemes do protonatable groups are responsible for the pH dependent

not show a standard Nernst titration behavior because of the interactionbehav'or' Amlno acids which were identified to influence the
with each other and with titratable groups in their vicinity. redox potential can then be mutated and the effects of such

mutations can be studied experimentally as well as theoretically.
specied6-485152Thus, the assignment of the order of the heme Such computations can therefore also help to interpret experi-
reduction is difficult because of conformational changes and Mental results and may guide to mutagenesis and other
protonations of some protonatable groups upon reduction as well€Xperiments.
as the presence of paramagnetic centers. In the theoretical
calculations done in this study, | obtain &S, values—205 Acknowledgment. | am grateful for a Postdoctoral Fellow-
mV for heme 1,—280 mV for heme IV,—340 mV for heme II, ship of the Deutsche Forschungsgemeinschaft (UL 174/1-1).
and —400 mV for heme Il (Figure 6). However, it must be Furthermore, this work was supported by NIH grant GM 39914.
pointed out that the titration curves deviate from standard Nernst | thank Prof. Donald Bashford for providing his program MEAD
titration curves. This deviation is expected because of the and Prof. Donald Bashford, Prof. David A. Case, Prof. Ernst-
interaction between the hemes and the interaction of the hemesNalter Knapp, Prof. Louis Noodleman, and BjoRabenstein
with protonatable groups. Solution redox potential dependent for helpful discussions.
E° values calculated by eq 23 range for heme | frei@l1 to

02
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Figure 6. Oxidation probability of the different hemes in cytochrome

—202 mV, for heme IV from—340 to 275 mV, for heme I Supporting Information Available: Three tables and one
from —370 to—325 mV, and for heme Il fron+-405 to—300 figure. Table S1: partial charges of the heme and the histidine
mV (see also Figure 3 for heme IIl) at pH 7.1. This variation ligands that are different in the oxidized and reduced state. Table
of the E° values emphasizes again the importance for using S2: partial charges of the heme and the histidine ligands that
solution redox potential dependelt values. are identical in the oxidized and reduced state. Table S3:
Population of the Redox StatesBecause cytochromes interaction of the hemes and the heme propionates with a few

binds four heme molecules, it can in principle adapt=216 selected residues. Figures S1: A schematic explanation of how
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to read the diagrams in Figure 4. This material is available free

of charge via the Internet at http://pubs.acs.org.
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