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Abstract We study, by laser flash photolysis, the ef-
fects of ionic strength on the kinetics of the reaction
Zncyt + az(Il) — Zncytt + az(l), i.e., oxidative
quenching of the triplet state of zinc cytochrome c¢ by
the wild-type form and the following three mutants of
cupriazurin: Met44Lys, Met64Glu, and the double mu-
tant Met44Lys/Met64Glu. Mutations in the hydrophob-
ic patch of azurin significantly affect the reactivity of
the protein with the triplet state of zinc cytochrome c.
Dependence on the ionic strength of the bimolecular
rate constant for the aforementioned reaction is ana-
lyzed by several electrosatic models. The two transi-
tion-state theories, Brgnsted-Debye-Hiickel and van
Leeuwen theories, allow the best approximation to the
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Supplementary material Seven tables showing properties of
azurin mutants (Table S1); the root mean square values for
different molecules found in the crystal structure of azurin
(Table S2); magnitudes and orientations of the dipole moments
for the eight individual molecules (Table S3); results of the
fittings to the van Leeuwen theory with the dipole moments for
the individual molecules (Table S4); interaction energies
between *Zncyt and cupriazurin variants, obtained by fitting to
Eq. 11 (Table S5); results of the fittings to the “parallel-plate”
model with fixed value of z; =0 (Table S6); and results of the
fittings to the “parallel-plate” model with different values of the
parameter p (Table S7); and four figures showing natural decay
and quenching of *Zncyt (Fig. S1); appearance and
disappearance of the cation radical Zncyt * monitored at 675 nm
(Fig. S2); total electrostatic energy of the collisional complex
3Zncyt/az(IT) vs angle 6, (Fig. S3); and fittings to Egs. 8 and 11
(Fig. S4) are available in electronic form on Springer Verlag’s
server under: http://science.springer.de/jbic/jbic.htm

experimental data when effective charges of the pro-
teins are used. Protein-protein interactions are also
analyzed in terms of local charges on the protein sur-
faces. The rate constants depend little on ionic strength,
and the monopolar and dipolar electrostatic interac-
tions between zinc cytochrome c¢ and azurin are not
well resolved. Semiquantitative analysis of electrostatic
interactions indicates that azurin uses its hydrophobic
patch for contact with zinc cytochrome c.

Key words Azurin - Zinc cytochrome ¢ - Electron
transfer - Site-directed mutagenesis - Protein-protein
orientation

Introduction

Electron transfer between redox proteins is an impor-
tant process in biological systems. The present under-
standing of these reactions has advanced because site-
directed mutagenesis has provided an effective tool for
introducing specific changes in the proteins and for
studying their effects on electron-transfer processes.
When the structures of the proteins are known, their
orientations with respect to each other in a particular
reaction may be studied. Electrostatic interactions have
long been recognized as important determinants of the
protein structure and function, and they may govern
the protein-protein orientation. Computations of full
electrostatic surfaces clarify the approach and docking
of two proteins [1-8], but these calculations demand ex-
tensive computation time, even when approximations
are introduced. Fortunately, simpler electrostatic mod-
els are often sufficient for the analysis of the ionic
strength effects on bimolecular electron-transfer reac-
tions [9-13]. In some cases, such analysis may reveal the
reactive orientation of the two protein molecules.
Azurin from Pseudomonas aeruginosa is a small
blue copper protein located in the periplasm, which
probably functions as an electron carrier. Although, in
the past, azurin has been ascribed a role in bacterial de-
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nitrification [14, 15], recent evidence suggests that the
protein is involved in the response to oxidative stress
[16]. This protein has p/ of 5.4 and net charge of about
—1 in the cupric state at pH 7. The charged residues are
almost evenly distributed on its surface. Although azu-
rin does not possess basic or acidic patches, it has a re-
latively large hydrophobic patch, under which the cop-
per site is buried [17].

Horse-heart ferrocytochrome c¢ is a protein with a
net charge of +6 at pH 7. An edge of the heme is par-
tially exposed at the protein surface. Electron transfer
between the iron atom and the external redox partners
occurs via this exposed edge, which is surrounded by
positively charged lysine residues [18].

Although horse-heart cytochrome ¢ and P. aerugino-
sa azurin are not physiological partners, their study is
interesting from chemical and biophysical points of
view. Their three-dimensional structures are known,
and their properties have been thoroughly examined by
spectroscopy and electrochemistry.

Study of the reaction of azurin with horse-heart cy-
tochrome ¢ and a variety of its singly modified lysine
derivatives [19] led to a conclusion that azurin behaves
as a positively charged oxidant, or that factors besides
the charge are contributing to the rate of the reaction.
Although the importance of the hydrophobic patch in
the interaction of cytochrome ¢ and azurin was sug-
gested [20], there was no direct evidence for the in-
volvement of this patch. Until the present study, the
question of the reactive orientation of these two pro-
teins remained open.

This work concerns the electron-transfer reaction
from the excited triplet state of the porphyrin ring of
zinc-substituted cytochrome ¢ to cupriazurin, shown in
Eq. 1:

*Zncyt + az(I11) = Zneyt * + az(1)

1)

Replacement of iron(II) with zinc(II) in the heme
does not significantly perturb the structure of cytoch-
rome c¢ [21-24] and its interactions with other proteins
[25-27]. Use of the triplet state of zinc cytochrome ¢ in
the reaction obviates the need for external reducing
agents and increases the driving force of the reaction
from ca. 0.10 eV for the ground-state reaction between
ferrous cytochrome ¢ and cupriazurin to ca. 1.2 eV for
the photoinduced reaction in Eq. 1. Raising the driving
force assists the electron transfer but does not affect the
structural dynamics of the proteins.

In this study we explore the influence of electrostatic
interactions on the electron-transfer reaction between
the excited triplet state of zinc cytochrome ¢ and cu-
priazurin. The analysis of the effects of ionic strength
on the reaction rate may identify dominant types of
electrostatic interactions in the system. We use site-di-
rected mutagenesis to modify the electrostatic proper-
ties of azurin in a specific way; to analyze relative im-
portance of the net charges, dipole moments, and local
charges in the reacting proteins; and to determine the
interaction site on the azurin surface.

Materials and methods

Chemicals

Distilled water was demineralized to a resistivity greater than 17
M{2cm by the Barnsted Nanopure II apparatus. All the buffers
were prepared fresh from the solid salts NaH,PO,-H,O and
Na,HPO,-7H,0 and had pH of 7.00£0.05. The ionic strengths
(w) higher than 10 mM were achieved by addition of solid NaCl.

Horse-heart cytochrome ¢ was obtained from Sigma. Iron was
removed, and the free-base protein was purified and reconsti-
tuted with zinc(II) by a modification [24] of the original proce-
dure [25, 28] as quickly as possible. Zinc cytochrome ¢ was always
handled in the dark.

Wild-type azurin from P. aeruginosa and its three mutants
were isolated and purified as described earlier [29-32]. Escheri-
chia coli strain JM101 [33] was used for cloning and expression of
the P. aeruginosa azu gene transformed with the mutated plasmid
pGC13 under the control of the lac promotor. Pure proteins had
an absorbance ratio Aes/Asso >0.57 and gave single bands on an
isoelectric focusing gel. Concentrations of cupriazurin in the stock
solutions were determined with absorptivities listed in the Sup-
plementary material (Table S1).

Kinetics

Laser-flash photolysis on the microsecond timescale was done
with a standard apparatus. A phase-R (now Luminex) DL 1100
laser contained a 50 uM solution of the dye rhodamine 590 in me-
thanol and delivered 0.4-us pulses of excitation light. The sample
solution in a 10-mm cuvette was thoroughly deaerated by gentle
flushing with ultrapure argon, supplied by Air Products, for at
least 15 min after each addition of cupriazurin, to prevent
quenching of the triplet state of zinc cytochrome c¢ by dioxygen.

Decay of the triplet state *Zncyt was monitored at 460 nm,
where the transient absorbance reaches the maximum. Eight to
ten pulses were recorded for each set of conditions (ionic strength
and azurin concentration). Appearance and disappearance of the
cation radical Zncyt* were monitored at 675 nm, where the dif-
ference in absorbance between this cation radical and the triplet
state was the greatest. In order to reduce noise in the kinetic pro-
files of the cation radical Zncyt *, the power of the excitation light
was made greater in these experiments than in the monitoring of
the triplet *Zncyt. Therefore the yield of the cation radical cannot
be reliably discussed. The temperature was 25 °C. The change of
absorbance with time was analyzed with the software SigmaPlot
v.1.02. The results from separate fittings of the traces obtained by
successive flashes were averaged by the least-squares method.

The concentration of zinc cytochrome ¢ was always 10 wM.
The concentration of the triplet zinc cytochrome ¢ depended on
the excitation power and was ca. 1.0 uM. The molar ratio of cu-
priazurin to *Zncyt (Eq. 1) was greater than 10:1, so that the con-
ditions for pseudo-first-order reaction always prevailed. Each
pseudo-first-order rate constant was an average result from re-
peated experiments. Second-order rate constants at different
ionic strengths were obtained from the corresponding pseudo-
first-order rate constants by least-squares fittings.

Calculation of dipole moments

The iron(II) ion in horse-heart cytochrome c¢ ([34]; PDB entry
1HRC) was replaced by a zinc(II) ion. Since the change in the
oxidation state of iron does not significantly alter the dipole mo-
ment of native cytochrome ¢ [10], neither should the electronic
excitation of the heme. Therefore, the dipole moment of *Zncyt
was calculated with atomic coordinates of ferrocytochrome c.
Atomic coordinates for cupriazurin were obtained from the
crystal structures of the wild-type protein at pH values of 5.5 and



9.0 ([17]; PDB entries 4AZU and 5SAZU). Four slightly different
molecules belong to an asymmetric unit in the crystal structures at
each pH value, and we calculated the dipole moments of all eight
structures. Hydrogen atoms were added using CHARMM [35]. In
the mutations Met44Lys and Met64Glu, the atoms O%* of gluta-
mate, N¢ of lysine, and the accompying hydrogen atoms, which
had no analogues in methionine, were energetically optimized
while the rest of the protein was fixed. Atomic partial charges for
most atoms were taken from the CHARMM force field [36], and
the usual pK, values were assumed. For the copper site we used
atomic partial charges originally derived for the blue copper site
of cupriplastocyanin, which were kindly supplied by Professor E.
I. Solomon [8]. The residue His35 was assumed to be deproton-
ated, and the residue His83 was assumed to be protonated, be-
cause their respective pK, values are 6.5 and 7.5 [30]. Partial
charges were assigned to all atoms.

Structures of eight azurin molecules, four at each of the two
pH values, were superimposed using Kabsch algorithm [37, 38].
Molecule A in the PDB entry 4AZU was used as the template
according to which the superposition was performed. The dipole
moments of each individual molecule and of the “supermolecule”
were calculated with respect to the center of mass. The magnitude
of the dipole vector for the “supermolecule” was divided by
eight.

Treatments of electrostatic interactions

Kinetic effects of ionic strength are commonly analyzed by
Brgnsted-Debye-Hiickel theory, as in Eq. 2:

Z%aﬂl/z Z%aﬂl/z
1+xR;  1+«R,
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The symbols k& and k, are bimolecular rate constants at ionic
strengths w and zero; Z, and Z, are net charges of the reactants,
and R; and R, are their radii; R; is the radius of the transition
state for the bimolecular reaction; @=1.17 in water at 25°C; and
xk=0.329 n'? A~'. Under assumption R, =R,=R,,, Eq. 2 reduces
to the widely-used Eq. 3, which is tested in this study:
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The radius of cytochrome c is 18.5 A [39]. The radius of azurin is
19.1 A, estimated by averaging the distances of its solvent-ex-
posed points to the center of mass. The radius R,, was set at
19.1 A.

A theory that recognizes not only net charges or monopoles
(Z) but also dipole moments (vectors P with magnitudes P) of the
protein molecules is embodied in Eq. 4 [11, 40]:

In k=In kinf
—[Z,Z,+ (ZP)(1 + kR) + (PP)(1 + kR)?
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In this equation, k and k;,¢ are the bimolecular rate constants at a
given and infinite ionic strengths; e is the elementary charge; Z;
and Z, are net charges; R, and R, are the protein radii,
R=R;+R5; & is the permitivity of vacuum; € is the dielectric con-
stant of water, set at 80; kg is the Boltzmann constant; and 7T is
temperature. The function of ionic strength is defined in Eq. 5:

1—exp(—2«R,)

100 = Ry xR

®)

The monopole-dipole (Eq. 6) and dipole-dipole (Eq. 7) inter-
actions are anisotropic — they depend on the location of the reac-
tive sites on the protein surfaces with respect to the dipole vec-
tors:
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_ZP>cos6,+ Z, P, cos 6,
eR

_ P, P, cos 012 cos 6, )
(eR)

The angles 6; and 6, are defined by the positive end of the dipole
moment vector and the vector from the center of mass to the
reactive surface in each protein. In Egs. 4-7, subscript 1 (Z;, P;,
R,, and 6,) designates azurin, and subscript 2 (Z,, P,, R,, and 6,)
designates zinc cytochrome c.

p

(6)

PP

In k=In kine— Vi X (1) (8)
Vi=ap™>DJ ' 2122012 )
X(w)=1+xp) ~" exp(—«p) (10)
In k=1n kine— Vi X (1) = Via V() X () = Vaa Y (1)* Z (1) (11)
Via=a[z:PIc0s b:(ri2+ Ry) >+ z2Pcos 0, (ro+Ry) ~2|Digt (12)
Vaa=aP{Pcos 0;5/(r12+ R+ R>)> Daq (13)
Y(p)=x(1+B)(1+kp) ~'+[1+ &*p*/3+ kp(n*>+2)/6] (14)
Z(u)=exp(—kp)[1+ kp+ k*p*/3+ k*(p+1.5)*/6p] ! (15)

Kinetic data were also fitted to the “parallel-plate” model
(Egs. 8 and 11), which predicts that dependence of the reaction
rate on ionic strength is influenced primarily by the charges of the
interaction domains [13, 41, 42]. Equation 8 neglects the contribu-
tion of dipolar interactions. We used it to estimate the interaction
energies and the rate constants at infinite ionic strength. In Eq. 11
both monopolar and dipolar interactions are included. Again,
subscripts 1 and 2 refer to azurin and zinc cytochrome c, respec-
tively; Vi, Vi, and V44 are the monopole-monopole, monopole-
dipole, and dipole-dipole interaction energies between the paral-
lel disk-like domains in the two proteins; ry, is the distance be-
tween the interacting domains in the two proteins, set at 3.5 A; 6,
and 6, have the same meaning as in Eqs. 6 and 7, and 60,, = 6,~6;
pis the radius of the interaction domain in A; z is the local charge
of each interaction domain. The other symbols used in Egs. 8-15
have their usual meanings [13].

The reaction mechanism

A general mechanism for the redox reaction between electron do-
nor D and the electron acceptor A is shown in Eq. 16. The quo-
tient k,n/kog 1S the association constant K. Under the so-called
improved steady-state approximation and the condition [A]> [D],
Eq.17 is obtained [43]. In the Ilimiting case when
kote>kon[A]+ ker, Eq. 17 yields Eq. 18. In this case, common in
studies of protein reactions, the observed rate constant linearly
depends on the concentration of the reactant present in excess.
The symbol ky;,, represents the bimolecular rate constant for the
reaction shown in Eq. 1.

D+A === DA S5, DY A~ (16)

kobs = kETkon [A] (17)
kon [A] + koff + kE’l‘

kobs =KAkET[A] =kbim[A] (18)

Results
Natural decay of *Zncyt

The triplet excited state of zinc cytochrome ¢ decays ex-
ponentially with the rate constant of 10020 s™', which
is independent of ionic strength. This rate constant re-
mained unchanged in the presence of the cuprous and
apo (copper-free) forms of wild-type azurin.
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Oxidative quenching of *Zncyt by cupriazurin

In the presence of wild-type cupriazurin or its mutants
the decay of the triplet state became faster but re-
mained exponential for all the azurin variants and at all
ionic strengths; see Fig. S1 in the Supplementary mate-
rial. The rate constants for disappearance of *Zncyt and
for appearance of Zncyt* were equal within the error
bounds; typical traces are shown in Figs. S1 and S2 in
the Supplementary material. The pseudo-first-order
rate constant was directly proportional to the quencher
concentration and depended on ionic strength. The sec-
ond-order rate constants, which are obtained from the
slopes of the linear plots, are listed in Table 1.

Dipole moments

The dipole moment of horse-heart ferrocytochrome c
(net charge +6) is 281 D [1, 44]. The dipole vector
forms an angle of 300° with the vector from the center
of mass to the iron atom. The positive end of the dipole
moment penetrates the surface of the protein near the
carbonyl carbon atom of Ile81, and the negative end
penetrates it near the &, carbon atom of Phe36. The ex-
posed heme edge is located at 20-40° with respect to
the positive end of the dipole moment [44].

Four slightly different molecules are contained in
the asymmetric unit of the crystalline P. aeruginosa
azurin at both pH 5.5 and 9.0. The calculated root mean
square values between the different molecules are
shown in the Supplementary material (Table S2). The
deviation between the corresponding structures at

Table 1 The bimolecular rate constant (Kpim X 1076 M ™!

pH 5.5 and 9.0 is smaller (0.32-0.38 A) than the devia-
tion between the different structures at the same pH
(0.65-0.93 A). These eight molecules may be consid-
ered conformational states of azurin. Dipole moments
of wild-type and mutant azurins for these eight distinct
states are listed in the Supplementary material (Ta-
ble S3). The magnitudes of the dipole moments are re-
latively small, because this almost electroneutral pro-
tein has rather uniform distribution of charges. Individ-
ual dipole moments vary significantly from one struc-
ture to another, since even small variations in the posi-
tion of the charged side chains influence the electrostat-
ic properties of the protein [45]. Because all eight dif-
ferent states can be involved in the reaction, the elec-
trostatic potential around azurin is an average over all
of them. The composite structure, obtained by superpo-
sition of the eight states, reflects the flexibility of the
azurin molecule. The superposition of four molecules,
at pH 5.5 or 9.0, resulted in almost the same composite
structure as did the superposition of eight molecules;
the difference in the magnitude of the dipole moment
was less than 2.0 D. Magnitudes of the dipole moments
for the composite structures and their orientations are
given in Table 2.

Discussion
Mutations in azurin

The relatively large (about 460 A?) hydrophobic patch
on the azurin surface covers the active site; the copper

s~ 1) for the reaction of *Zncyt with variants of cupriazurin at pH 7.0 and

25°C
Variant w (mM)

2.5 5 10 30 100 1000
Wild-type 6.8%£0.3 54%0.5 3.6+0.4 3.7+0.1 34+04 3.1+04
Met44Lys 0.7%0.1 0.8+0.1 1.0£0.3 1.2+0.1 1.8+0.2 2.1+£0.2
Met64Glu 28.6£0.7 17.8+£0.9 10.1£0.6 8.9+0.6 7.1£0.6 7.5%0.7
Met44Lys/Met64Glu 3.6%x0.3 2.1+0.2 1.6x0.1 1.3%0.1 0.9=+0.1 0.9+0.2

#The error margins define the spread of results for the rate constant from repeated experiments; they are rounded to one significant
figure, for clarity. Errors of fittings in each experiment are much smaller

Table 2 Dipole moments for the composite structure of cupriazurin

Variant P (D)  Atoms on the protein surface  Orientation of the selected sites in azurin, angle 6, (deg)®

close to the penetration

points of the dipole vector

Positive end  Negative end  C“ of C« of Cu N¢His117  Hydrophobic

residue 44  residue 64 patch

Wild-type 72 O L120 O HS83 111 95 122 124 87-149
Met44Lys 128 0 Q12 C* A82 136 104 146 146 106-168
Met64Glu 87 3H™ T17 CP LT3 76 36 79 76 35-100
Met44Lys/Met64Glu 116 H*N16 HP D76 113 67 116 113 71-135

#The angle 6, is defined by the negative end of the dipole vector, the center of mass, and a selected point of azurin



atom sits ca. 7 A below [17]. The ligand His117, in the
center of the hydrophobic patch, is somewhat exposed
to the solvent. Evidence for the importance of this
patch in azurin for an electron-self-exchange reaction
and reactions with purported physiological partners, cy-
tochrome c¢ss; and nitrite reductase, comes from recent
studies [30-32, 46, 47]. It has been suggested that azurin
may also use its hydrophobic patch in the reaction with
cytochrome c [20].

Here we study the effect of charge mutations in the
hydrophobic patch of azurin (residues Met44 and
Met64) on the reaction in Eq. 1. As Fig. 1 shows, Met44
is adjacent to His117, whereas Met64 is more distant
from this copper ligand. In the mutants Met44Lys and
Met64Glu, a positive and a negative charge, respective-
ly, are introduced into the hydrophobic patch. In the
double mutant Met44Lys/Met64Glu, which is a com-
posite of these single mutants, an electric dipole was
created in the hydrophobic patch of azurin.

All three mutants are well characterized. Spectros-
copic and structural properties of azurin are not gener-
ally affected by these mutations, except for a small per-
turbation of the copper site in Met44Lys [30-32].

Electron-transfer reaction between *Zncyt and
cupriazurin

Quenching of *Zncyt by wild-type cupriazurin and each
of its three mutants is a monoexponential process. In
each case, the observed pseudo-first-order rate con-
stant ks at pH 7.0 depends linearly on the concentra-
tion of azurin. In no case did we detect saturation be-

Fig.1 A view of the hydrophobic patch in Pseudomonas aerugi-
nosa azurin, showing the position of Met44 and Met64. Histidine
117 and other residues making up the hydrophobic patch are
marked in gray. The pictures are based on the structure of wild-
type protein, molecule A at pH 5.5 [17]. The picture was prepared
with the program RasMol, version 2.5
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havior (leveling off), even at concentration of the
quencher as high as 200 uM. Clearly, there is no evi-
dence for a transient *Zncyt/az(II) complex. We can
use a simple collisional mechanism, in which this com-
plex is involved, but the association constant (K, in
Eq. 18) is low.

The bimolecular rate constants k;, for the overall
reaction at different ionic strength in Table 1 show that
changes of specific amino acids at the hydrophobic
patch markedly affect the reactivity of azurin. With the
exception of the Met44Lys mutant, ky;,, decreases with
increasing ionic strength. This is evidence for electro-
static attraction with zinc cytochrome c. In the mutant
Met44Lys, however, the replacement of Met44 by a po-
sitively charged residue reverses the effect of ionic
strength, indicating electrostatic repulsion with zinc cy-
tochrome c.

At low ionic strength the mutants differ in reactivity
from the wild-type azurin: at the ionic strength of
2.5 mM, ky;y, increases fourfold (relative to the wild-
type protein) for Met64Glu, and decreases approxi-
mately tenfold and twofold for Met44Lys and
Met44Lys/Met64Glu, respectively. Although the asso-
ciation constant K, is small, it still contributes to the
overall value of kyim, as Eq. 18 shows. At low ionic
strength, when electrostatic interactions are relatively
strong, the observed differences in the reactivity of the
mutants can be partially ascribed to to the changes in
the KA values for the formation of the complex be-
tween the triplet state of zinc cytochrome ¢ and azurin
(Eq. 18). The positive charge introduced in the
Met44Lys mutant further hampers the already weak as-
sociation with the positively charged zinc cytochrome c,
whereas the additional negative charge in the
Met64Glu mutant enhances this association. The re-
sults in Table 1 completely agree with this interpreta-
tion.

In order to analyze the intrinsic reactivity of the pro-
teins in the absence of electrostatic interactions, we ap-
plied the formalism developed by Watkins et al. [13] to
extrapolate the bimolecular rate constants to infinite
ionic strength, at which all electrostatic interactions are
screened. Therefore the small differences in k;,¢ seen in
Table 3 should be attributed not to electrostatic effects
but to possible slight structural changes upon mutation.

Table 3 Bimolecular rate constants for the reaction in Eq. 1 ex-
trapolated to infinite ionic strength (ki,) and interaction energies
(Vi) for *Zncyt and cupriazurin variants, obtained by the fitting
to Eq. 8

Variant kinf x 10 —6 Viia
M~'s™h

Wild-type 27405 —09+03

Met44Lys 24+0.2 1.5+0.2

Met64Glu 54%+1.6 —1.5%+05

Met44Lys/Met64Glu 0.7+0.2 —-1.6+04

*V; is the interaction energy at zero ionic strength, in units of
RT
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The values of ki for Met64Glu and Metd4Lys/
Met64Glu differ markedly from that for the wild-type
azurin, while the value for the Met44Lys mutant is sim-
ilar to that for the wild-type azurin. Since these muta-
tions do not affect the structure of the cupric site [31,
32], we suggest that the differences in the first two mu-
tants are related to the local conformational changes in
the hydrophobic region of azurin, induced by the newly
introduced side chains. The effect is most significant for
the double mutant, Met44Lys/Met64Glu, in which two
mutated residues 44 and 64 in reasonable conforma-
tions are 10-15 A apart, as can be estimated from the
crystal structure of the wild-type azurin [17]. This rela-
tive proximity may force two newly introduced side
chains into extended conformations that differ from the
more compact conformations adopted by the methion-
ine side chains in the wild-type structure. The higher
value of ki, for Met64Glu mutant can be attributed to
the steric effects: the smaller glutamate side chain
(68 A%) may better match the surface of zinc cytoch-
rome c than the larger methionine side chain (82 A?).
The closer contact of the proteins may provide a better
electronic coupling between their redox sites.

Although the values of k;,; for wild-type azurin and
Met44Lys mutant are equal within the error bounds,
the overall ionic strength dependence indicates the
change in reactivity of azurin upon this mutation. The
lower reactivity of this mutant at low ionic strength
must be mainly due to the change in the electrostatic
properties and association constant K, in comparison
with the wild-type protein.

As Table1l shows, the Kkinetic effects of ionic
strength are relatively small — less than a fivefold
change in the rate constant over a wide range of ionic
strength. Nevertheless, this dependence is worth
studying, because such findings are common with me-
talloproteins. Taking into account the electrostatic
changes upon mutation, we comparatively analyzed
various electrostatic properties and their contributions
to the ionic strength dependence of k;, for all azurin
variants.

Monopole-monopole electrostatic interactions

The Brgnsted-Debye-Hiickel theory is often used to es-
timate charges of small, globular proteins. When the
charge Z, = + 6 of zinc cytochrome ¢ was used and both
Z, (net charge of azurin) and k, were allowed to vary,

application of Eq. 3 to the results in Table 1 yielded the
estimates of Z; listed in Table 4.

Fittings provide reasonable values of k,, and the cal-
culated charges Z; do not deviate greatly from the ex-
pected ones. As Fig. 2 shows, the good fits over the en-
tire range of ionic strength were obtained only for
Met44Lys and Met44Lys/Met64Glu mutants. Although
the Met44Lys mutant is electroneutral or nearly so at
pH 7.0, the observed dependence of ky;, on ionic
strength (Table 1) corresponds to the positive net
charge calculated by Eq. 3. The fittings give the same
net charges for Met64Glu and Met44Lys/Met64Glu
mutants despite the difference in the estimated charges
of these mutants. Clearly, there are electrostatic inter-
actions other than monopole-monopole interactions
between the protein molecules. Although the
Brgnsted-Debye-Hiickel theory can be useful for quali-
tative analysis, it does not permit analysis of the pro-
tein-protein orientation.

Effects of ionic strength on the rate of many protein
reactions differ from the expectations based on the net
charge because of the asymmetric distribution of
charges on the protein surfaces. Large dipole moments
of the proteins or local charges and local dipole mom-
ents in the interaction regions can strongly influence
the effects of ionic strength on rate constants and asso-
ciation constants [10, 11, 13, 40, 44, 45, 48-53].

Dipolar interactions and protein-protein orientation
for electron transfer

The results in Table 1 were fitted to Eq. 4. The quanti-
ties Z;, Ry, and P, (for azurin) and Z,, R,, and 6, (for
zinc cytochrome ¢) were constants. Since cytochrome ¢
undergoes electron transfer via the exposed heme edge
[19], which is located at about 30° with respect to the
positive end of the dipole vector, this value of the fixed
parameter 6, is justified. The only variable parameter
in the fittings was the angle 6;, which defines the loca-
tion of the interaction site in azurin with respect to the
dipole vector of this protein. The choice of ki, was
guided by the trend in Table 1. The rate constants at
infinite ionic strength are not expected to differ signifi-
cantly from the experimentally determined values at
the ionic strength of 1.00 M, and we used those latter
values. For the sake of thoroughness, we also used the
kins values estimated by the Watkins’s model (Ta-
ble 3).

Table 4 Fitting to Eq. 3 of the

: —1 o —1

dependence on ionic strength Variant ko (M~7s7) Net charge

of the rate constant ky;,, for . a :

the reaction of *Zncyt with Estimated Fitted

cupriazurin variants Wild-type (72+1.4)x10° -1 —0.5+02
Met44Lys (47%£0.4)x10° 0 0.8+0.1
Met64Glu (3.1£1.1)x 107 -2 —-0.9+03
Met44Lys/Met64Glu (4.3£1.1)x10° -1 —-0.9+0.2

# Estimated from amino-acid compositions, assuming normal pK, values
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Fig. 2 Dependence on ionic strength of the bimolecular rate con-
stants, kyim, for the reaction of *Zncyt with azurin variants. The
solid lines are fittings to Eq.3 with the known parameter
Zz =+ 6

13.5 4

The fittings were performed with the dipole mom-
ents for the composite structure of azurin (Fig. 3, Ta-
ble 5) and for the eight individual molecules (Supple-
mentary material, Table S4). In most cases the magni-
tude of the dipole moment influenced only the value of
6,, but not the quality of the fit. Fittings for Met64Glu,
the mutant for which the experimental points show
some curvature, were improved when a higher value of
the dipole moment was used.

The fits obtained are adequate but not excellent,
probably because of the weakness of the electrostatic
interactions, evident in Table 1. In order to estimate
the contribution of the dipolar interactions to the total
electrostatic energy, we used the charged-sphere model
[54] to calculate electrostatic energies for the interac-
tion of zinc cytochrome ¢ and wild-type or mutant azu-
rin at different angles 6;,. Variations in the orientation
of the azurin dipole vector change the total electrostatic
energy of the complex Zncyt/az(II) by no more than

117

16.0 wild-type

®
15.5 —

15.0 o §

14.5
| | 1

Metd4Lys

15.0 -
145 - i\i

14.0 — >

13.5 4 \i\\
175 1 | | I | | §

Met64Glu °

ksl

17.0 H
16.5

16.0 —

! ! 1 ! I
Metd4Lys/Met64Glu @

16.5

15.0 H

14.5 —

14.0 o

13.5 H

0.00 0.10 0.20 0.30 040 0.50 0.60
(k)

Fig. 3 Dependence on ionic strength of the bimolecular rate con-
stants, kyim, fOr the reaction of *Zncyt with azurin variants. The
function f(k) is defined in Eq.5. The solid lines are fittings to
Eq. 4. The dashed lines are fittings to truncated Eq. 4, without
monopole-dipole and dipole-dipole interactions, with the effec-
tive product of charges listed in Table 6

6 kJ/mol, as Fig.S3 in the Supplementary material
shows. The data points for all the azurin variants in
Fig. 3 can be fitted equally well to the straight lines that
correspond to monopole-monopole interactions. How-
ever, the effective products of charges obtained from
the slopes of such lines differ from the products of
charges calculated from the net charges; see Table 6.
Apparently, the protein molecule is better described as
a monopole with an effective charge than as a combina-
tion of a monopole and a dipole. Clearly, monopolar
and dipolar interactions are not resolved experimental-
ly. Dipolar interactions seem to influence, but not dom-
inate, the reaction rate.

We investigated whether the effective and actual
products of charges differ because of the dipole mo-
ment. The effective charge of the protein, Z5", can be
expressed by Eq. 19 as a sum of the monopolar and di-
polar terms [11]:
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Table 5 Fitting to Eq. 4 of the

: a b . —6 -1 -1 c
dependence on ionic strength Variant % Pi (D) Kin X 1077 (M77s7) 0: (deg)
of the rate constant ky;,, for - . +
the reaction of *Zncyt Wild-type 1 72 27 96; ]
(R,=185 A, Z,=6, Metd4Lys 0 128 31 A1y
P,=281D, and 6,=30°) with ¥ 54 15021
cupriazurin variants Met64Glu -2 87 54 112£10
(R1=19.1A) 75 15821

Met44Lys/Met64Glu -1 116 0.7 62+ 7
0.9 84+ 7

# Estimated from amino-acid compositions, assuming normal pK, values

" Dipole moment for the composite structure of azurin; results of the fittings with dipole moments
for the eight individual molecules are shown in Table S4

¢ With respect to the negative end of the dipole vector

Table 6 Fitting to Eq. 19 of the dependence on ionic strength of the rate constant ky;, for the reaction of *Zncyt (Z,=6, P,=281D,

and 6,=30°) with cupriazurin variants

Variant A (2,2>) (Z1Z5)es® P, (D)® Interaction King X 10 7° 0, (deg)°©
distance r M~ts™h
(A)

Wild-type -1 -6 — 69%1.5 72 37.6 2.9+0.3 99+30
27.0 29+0.3 13617

Met44Lys 0 0 10.6x0.9 128 37.6 1.5+£0.3 180¢
27.0 2.0+0.1 16823

Met64Glu -2 —-12 —12.6x24 127 37.6 6.0£0.9 113+29
27.0 6.0+0.9 149£26

Met44Lys/Met64Glu -1 -6 —12.8%1.5 116 37.6 0.8%+0.1 0¢
25.0 0.8%£0.1 80+ 9

% The effective product of charges was estimated from the slopes
of the straight lines in Fig. 3

* Dipole moment for the composite structure with the exception
of Met64Glu, where a greater magnitude of the dipole moment

+ P;cos 0;(1+ «r)
qr

7t =7, (19)

Only the monopole-monopole part of Eq. 4, with ef-
fective charges as defined by Eq. 19, was used to fit the
results in Table 1. When the distance between the cen-
ters of mass of the two proteins was set at 37.6 A
(19.1 A+18.5 A), the angles 6, for the wild-type azurin
and the Met64Glu mutant were essentially the same as
in the fittings with the complete Eq. 4. For Met44Lys
and Met44Lys/Met64Glu mutants, however, the limit-
ing values 180° and 0° (Table 6) and fits different from
the dashed lines in Fig. 3 were obtained. The failure of
the fittings for these two mutants shows that at the dis-
tance of 37.6 A from zinc cytochrome ¢ the dipole mo-
ment of each mutant is too small to make the necessary
corrections of the charges Z; and Z, and produce the
observed product of charges. The interacting proteins,
however, can approach each other more closely than
37.6 A. We estimated the minimal radius of the colli-
sion complex to be 27.0 A. This is a reasonable estimate
for the distance between the centers of mass if the hy-
drophobic patch of azurin is in van der Waals contact
with the basic patch of zinc cytochrome c. Table 6
shows also the results of fittings to Eq. 19 when this
shorter interaction distance was used. The new angles

was needed to improve fitting; the value used for Met64Glu is the
dipole moment of one of eight individual molecules

¢ With respect to the negative end of the dipole vector

4Poor fitting; see text for discussion

6, are consistent with the position of the hydrophobic
patch on the azurin surface.

Effect of local electrostatic properties on the
protein-protein orientation

Besides the dipole moments, van Leeuwen theory still
uses the net charge as probably the main determinant
of the electrostatic potential energy. However, some
protein reactions can be rationalized only with parame-
ters that correspond to the local electrostatic field near
the active site [41, 42, 55-59].

The “parallel-plate” model [13], which describes the
electrostatic potential energy of protein-protein inter-
actions only in the region of the protein contact, has
been applied to analyze dependence on ionic strength
of rate constants for various electron-transfer reactions
of proteins with other proteins and small molecules [12,
13, 41, 42, 53, 58, 60-69]. This model takes into account
local charges at the interaction sites, which are treated
as elements of a condenser. Because both monopolar
and dipolar effects can be considered, the “parallel-
plate” model in principle can be used to reveal the pro-
tein-protein orientation in the reaction. First, we used
this model (Eq. 8) to extrapolate the rate constants Kp;m



to infinite ionic strength; the second variable in the fit-
tings was Vj;, the interaction energy at zero ionic
strength. The results of the fittings to Eq. 8 are listed in
Table 3. The obtained values of k;,¢ continue the ex-
perimentally observed trends in Table 1. The small val-
ues of Vj; are consistent with the observed weak effect
of ionic strength on the reaction rates. If azurin uses its
hydrophobic patch in the reaction with zinc cytochrome
¢, we should see variation in the interaction energies
that are related to the change of the local charge upon
the mutation in the hydrophobic patch. Indeed,
Met44Lys mutant has more positive V;;, and Met64Glu
mutant has more negative Vj;, than the wild-type pro-
tein. However, if only monopole-monopole interactions
in the interaction site are important, the wild-type azu-
rin and the double mutant, Met44Lys/Met64Glu, hav-
ing the same charge of the reactive patch, should have
identical V;; values. According to Table 3, they do not;
the two mutations in the hydrophobic patch apparently
disturb the electrostatic surface of the interaction site.

For the accuracy of the theoretical treatment, we
took into account both monopolar and dipolar interac-
tions. We noticed a slight improvement of the fit upon
inclusion of the terms V4 and V44, as is expected for the
fitting with multiple parameters; see Fig. S4 in the Sup-
plementary material. In all cases the monopole-dipole
term is positive, whereas the other two terms are nega-
tive. The unfavorable monopole-dipole interactions are
unlikely to be balanced by the favorable monopole-mo-
nopole and dipole-dipole interactions. If the reaction
takes place at the positive patch around the heme edge,
and the monopole-dipole interactions are unfavorable,
than the dipole-dipole interactions also should be unfa-
vorable. The dependence on ionic strength is weak for
all azurin variants, but the fitted values of the interac-
tion energies in Table S5 are too large to be realistic
when one of the reactants has a small charge and a re-
latively small dipole moment. Moreover, the errors of
fittings are large. For all the azurin variants the sum of
the energy terms V+ Vig+ V44 is almost equal to Vj;
obtained previously by the fittings with only two pa-
rameters (V;; and k;,). This result shows again that mo-
nopolar and dipolar interactions cannot be separated in
the system under study.

We applied Watkins’s model to estimate the orienta-
tion of azurin and its mutants in the reaction with zinc
cytochrome c. As previously, we reasonably assumed
that zinc cytochrome c uses its exposed heme edge and
that the wild-type azurin and the mutants use the same
site for the interaction with each other. We tried differ-
ent values of the local charge on the cytochrome c sur-
face, and obtained the best fittings with z, = + 3, consis-
tent with the charge of one of the three clusters formed
by the 11 lysine residues near the exposed heme edge
[6]. Because the parameters z; and 6, greatly depend
on each other, one of them should be fixed. Since azu-
rin has almost uniform distribution of charges on its
surface, we varied the local charge of this protein, z;, in
a narrow range, from -2 to +2. The best fittings were
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achieved when the local charge for all the azurin var-
iants was zero; see Table S6 in the Supplementary ma-
terial. This result argues against the hydrophobic patch
of azurin at least for Met44Lys and Met64Glu mutants,
in which this patch has a net charge of +1 and -1, re-
spectively. Our kinetic results, however, suggest the in-
volvement of the hydrophobic patch in the reactions of
these mutants with zinc cytochrome c. Predictions
based on the “parallel-plate” model disagree with ex-
perimental evidence.

To test whether azurin interacts with zinc cyto-
chrome ¢ via its hydrophobic patch, we set the local
charge of each azurin variant equal to the charge of the
hydrophobic patch and allowed the angle 6, to vary.
Figure 4 and Table S7 in the Supplementary material
show the results of the fittings to Eq. 11, each with a
different value of p, the radius of the interaction do-
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Fig. 4 Dependence on ionic strength of the bimolecular rate con-
stants, kyim, for the reaction of *Zncyt with azurin variants. The
solid curves are fittings to Eq. 11 at different values of the radius
of the interaction domain, p. The curves 1, 2, and 3 correspond to
the p values of 5, 10, and 20 A, respectively. The function In k is
plotted versus f(x) to allow comparison with the fittings to Eq. 4
in Fig. 3. The function f(x) is defined in Eq. 5
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main. Only for the Met44Lys mutant are satisfactory
fittings obtained at p<10 A; for the others the best cor-
respondence to the experimental results is achieved at
p=20 A. A similar problem appeared when the local
charge was kept the same for all the azurin variants.
Therefore, this is a general problem, not a consequence
of the wrong choice of the interaction area. The model
in Eq. 11 assumes that interaction domains are less than
70% of the protein radius, and the required values of p
not only violate the geometrical constraints of the mod-
el, but exceed the radii of both interacting proteins.
The same problem has been reported by others [59].
Because good fits are obtained only with unjustifiable
parameters, the “parallel plate” model does not ade-
quately describe the interactions between the proteins
in our study.

Electron-transfer reactivity at the hydrophobic patch
in azurin

Because mutations in the hydrophobic patch of azurin
significantly affect the reactivity, the hydrophobic patch
of azurin must be involved in the reaction in Eq. 1. The
small distance from the hydrophobic patch to the cop-
per atom and the presence of the ligand His117 in this
patch may provide the optimal electronic coupling be-
tween the copper site and the heme. Indeed, several
amino acids forming a hydrophobic patch in azurin are
found to be strongly coupled to the copper center [70].
The quenching of the triplet state of zinc cytochrome c
is monoexponential under the conditions of our experi-
ment. We take this as evidence against multiple sites on
the azurin surface with very different intrinsic reactivi-
ties.

The weak kinetic effect of ionic strength, quantita-
tively reflected in the small values of the interaction en-
ergies Vj, is evidence for the involvement in the reac-
tion of an uncharged, most probably hydrophobic, sur-
face. The local charges introduced in the hydrophobic
patch by mutations cause the changes in the rate con-
stants ky;, and their overall dependence on ionic
strength.

The analysis of dipolar interactions gives insight into
the protein-protein orientation. The 6, values in Ta-
bles 5 and 6 from van Leeuwen fittings define a band of
possible sites equatorial to the dipole vector; this band
overlaps the hydrophobic patch. Although the fittings
alone do not define a specific site, in conjunction with
the experimentally observed effects of mutation, the re-
sults of the fittings support the conclusion that azurin
uses its hydrophobic patch in the electron-transfer reac-
tion with zinc cytochrome c.

Conclusion

Kinetic studies of wild-type azurin and its mutants
Met44Lys, Met64Glu, and Met44Lys/Met64Glu al-

lowed us to compare three electrostatic models and
their modifications in analysis of the dependences of
the rate constants on ionic strength. These models per-
mitted quantitative examination of the effects of site-
specific mutagenesis in azurin on its reactivity with zinc
cytochrome c. The transition-state models (Brgnsted-
Debye-Hiickel and van Leeuwen) best approximate the
experimental data when effective charges of the pro-
teins are used. Electrostatic interactions are weak, and
monopolar and dipolar interactions are not well re-
solved in this diprotein system. Analysis of dipolar in-
teractions suggests the involvement of the hydrophobic
patch of azurin in the reaction. This finding agrees with
the kinetic effects of mutations on the azurin surface.
Azurin uses its hydrophobic patch probably in order to
achieve optimal electronic coupling between zinc por-
phyrin and the copper site. Analysis of ionic strength
dependence in terms of local electrostatic properties
(“parallel-plate” model) fails to provide reasonable pa-
rameters. The experimentally observed effects of muta-
tions and of ionic strength are both crucial for the con-
clusions. The results of this work provide an approach
to systematic study of small kinetic effects on ionic
strength, which are often found in the study of interpro-
tein reactions when one or both partners have small net
charge, small dipole moment, or both.
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