fluenced by paramagnetic oxygen gas, and
the hydrogen atom was stable with respect
to the oxygen molecules near the D4R
cage. The fluctuation of the local magnet-
ic field at the encapsulated atomic hydro-
gen is induced by triplet oxygen and af-
fects spin-lattice relaxation. The satura-
tion power depended on the O, pressure
in a manner quite similar to the way the
appatent intensity does. These observa-
tions show clearly that the hydrogen atom
is encapsulated in the D4R cage and can
experience the magnetic field induced by
O, molecules outside the cage without
chemical attack by the latter. The D4R
cage in the crystalline state has free space
around itself. In that space, oxygen mol-
ecules can reach near the cage. The free
space is maintained by bulky trimethyl-
silyl groups.

Relaxation times were determined by elec-
tron spin echo (ESE) for the main lines that
are split only by the hydrogen nucleus. Echo
signals were not obtained at room tempera-
ture because of their fairly small relaxation
times, so the measurement was performed for
the degassed sample at 77 K. From two-pulse
and three-pulse ESE decays of the atomic
hydrogen sample (Fig. 4), the phase memory
time, ty;, of 0.87 ps and the spin-lattice relax-
ation time, ¢, of 13 ps were obtained. Thus,
the phase memory time is considered to be
constant because the line shape of the ESR
signal was invariable with respect to temper-
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Fig. 4. Envelopes against the interval between the
first and second pulses, 7, of (A) two-pulse spin
echo and (B) three-pulse spin echo for atomic
hydrogen in y-irradiated [(CH,4),SilSigO,, at 77
K. Conditions: (A) v = 8.952155 GHz, magnetic
field (H) = 342.733 mT, pulse width = 40 ns; (B) v
= 8.95167 GHz, H = 342.711 mT, pulse width =
40 ns, interval between the second and third puls-
es (1) = 400 ns.

1.00

ature, degree of vacuum, and exposure gas.
The spin-lattice relaxation time likely has a
relatively large temperature dependence, be-
cause echo signals were not obtained at room
temperature. This temperature dependence
probably arises from the motion of the termi-
nal methyl group and, accordingly, corre-
sponds to the large ellipsoids for methyl car-
bon in the crystal structure analysis.

We could not encapsulate hydrogen at-
oms in D3R silicate cages as mentioned
earlier and we have yet to study the larger
D5R, D6R, and D7R silicate cages (9).
These cages provide a chemically shielded
space in which an atom or atoms can be-
have just as in the free state. The construc-
tion of new cages should lead to novel
developments in the study of atoms and
atom-cluster interactions.
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Stern-Volmer in Reverse: 2:1 Stoichiometry of
the Cytochrome c-Cytochrome ¢ Peroxidase
Electron-Transfer Complex

Jian S. Zhou and Brian M. Hoffman*

A reverse protocol for measurements of molecular binding and reactivity by excited-
state quenching has been developed in which the quencher, held at a fixed concen-
tration, is titrated by a photoexcitable probe molecule whose decay is monitored. The
binding stoichiometries, affinities, and reactivities of the electron-transfer complexes
between cytochrome ¢ (Cc) and cytochrome c peroxidase (CcP) were determined over
a wide range of ionic strengths (4.5 to 118 millimolar) by the study of photoinduced
electron-transfer quenching of the triplet excited state of zinc-substituted Cc (ZnCc)
by Fe®*CcP. The 2:1 stoichiometry seen for the binding of Cc to CcP at low ionic
strength persists at the physiologically relevant ionic strengths and likely has func-
tional significance. Analysis of the stoichiometric binding and rate constants confirms
that one surface domain of CcP binds Cc with a high affinity but with poor electron-
transfer quenching of triplet-state ZnCc, whereas a second binds weakly but with a

high rate of electron-transfer quenching.

Measurements of excited-state quench-
ing have been important for no less than
the 75 years since the original Stern-
Volmer report (1) and have been used to
study the binding of one biomolecule to
another for nearly half a century (2-6).
In particular, recent quenching studies of
protein-protein  electron-transfer com-
plexes, which are representative of even
more complicated assemblies in photosyn-
thesis and respiration, give information
about binding (7, 8) and interfacial dy-
namics and recognition (9—-12) as well as
the electron-transfer process itself (13,
14). Despite the wide use of quenching
methods, the basic experiment has re-
mained unchanged: A probe molecule at

Department of Chemistry, Northwestern University,
Evanston, IL 60208-3113, USA.

*To whom correspondence should be addressed.

SCIENCE e« VOL.265 e

16 SEPTEMBER 1994

fixed concentration is examined while be-
ing titrated with the quencher. Even our
recent study (8), which showed that CcP
can bind two molecules of Cc under low-
salt conditions, although unusual in that
it involved a titration of a “substrate,”
Cc, with an enzyme, CcP, used this basic
procedure. Here we describe a “reverse”
quenching experiment: The quencher at
fixed concentration is titrated by the
probe molecule. Through the use of this
protocol, we demonstrate that the 2:1
stoichiometry seen for the binding of Cc
to CcP at low ionic strength persists at
the physiologically relevant ionic
strengths and thus is likely to have func-
tional significance. The results further pro-
vide the means for analyzing the dependence
of the electron-transfer rate constant on ionic
strength in terms of changes in the distribu-
tion among multiple structures of a complex.
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Before discussing the use of the reverse
titration procedure to examine the stoi-
chiometry of the binding of Cc to CcP at
high ionic strength, we compare the pre-
dicted results when the normal and re-
verse protocols are applied to a simple 1:1
binding equilibrium. Consider a protein,
S, that functions as a probe while forming
a complex with a quencher protein, Q

Q+S=0QS (1)

where the association constant is K; and
the intracomplex quenching constant is
k,. In the rapid-exchange limit (15), the
excited state of S decays exponentially,
with a quenching constant (16) given by
= K, [QSIIS], @)
=kify
Here [S], and [Q], are the total concen-
trations of S and Q, and [QS] is the
concentration of the complex as calculat-
ed from the association equilibrium.
Thus, f; is the fraction of the total S that
is bound to Q.

In a conventional titration where the
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wolp s——5—0—9—
//
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6ol C ”/-
»*
40} % :
/.4/ p=118mM
20} 2 i
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0 10 20 30 40 50 60 70
[Fe3+CcP] (uM)

Fig. 1. Normal quenching titration of 3ZnCc by
Fe3*CcP, plotted as k,, versus [Fe3*CcP},. The
solid lines are calculated from Eq. 4 with the
parameters given in Table 1. (A) Quenching at
4.5 mM ionic strength. Conditions: [ZnCc], =
8.5 uM in potassium phosphate buffer (pH 7.0)
at 20°C. (B) Quenching at 18 mM ionic strength.
The dashed line is the fit to a 1:1 isotherm (Eq.
2) with k, = 43 s7'and K, = 5 X 10" M~".
Conditions: [ZnCc], = 10 uM in potassium
phosphate buffer (pH 7.0) at 20°C. (C) Quench-
ing at 118 mM ionic strength. The dashed line is
the fit to a 1:1 isotherm (Eq. 2) with parameters
givenin Table 1. Conditions: [ZnCc], = 10 uMin
potassium phosphate buffer (pH 7.0) at 20°C.
Uncertainties in k, are =2 s~
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concentration of S is fixed and that of Q
varies, k_ increases smoothly from 0 at [Q]
= 0 to a plateau value of k, = k, in the
limit K, [Q] >> 1 (17). However, the limit
is difficult to achieve for weakly bound
complexes (those with small values of
K,). In contrast, in a reverse titration
with the quencher at fixed concentration
[Ql, and the probe S as titrant, the ob-
served quenching constant has a well-
defined, nonzero limit (intercept) as
[Slo— 0, denoted as k.°, that is readily

measured for any K;:
kqo = lel[Q]o/(l + K][Q]o) (3)

= kyf,°

where f,° is the fraction of bound S in the
extrapolated limit as the ratio R = [S],/
[Ql,— O. This relation (Eq. 3) between
K, and k; can be used to eliminate one
parameter in the fitting of a full titration
curve. The quenching constant necessar-
ily falls monotonically with increasing
[S], according to Eq. 2, the dependence
being essentially linear for K,[S], << 1.
The shape of the curve provides data for
determining the second fitting parameter.
Measurements of complex formation
by the physiological redox partners, Cc
and CcP (18, 19), have been carried out
by study of the photoinduced electron-
transfer quenching of Zn-substituted Cc
(ZnCc) (20) as the probe protein S,
whose excited state is monitored, and
Fe**CcP as the quencher Q (21). The
replacement of Fe(Il) in Cc by Zn(II)
yields Zn-porphyrin in ZnCc as the pho-
toactive probe (22) without perturbing
the conformation (23) of Cc or its asso-
ciation with other proteins (24). We
showed that a normal quenching titration
is advantageously done with this Q, S

o

.V [1*,0L

% ta ‘\(i

@®

V

o

(1511
O
Q0%
[01] = 1,111

o

[0,1*L

Fig. 2. Scheme that describes the nonexclusive
binding by CcP (outer oval) of two Ccs at two
distinct domains (1 and 2). The presence of a
bound Cc is indicated by shading. The K;; (i = 1,
2 andj = 0, 1, 2) are domain binding constants
(Egs. 5 and 6), and the k (i = 1, 2) are domain
electron-transfer rate constants (Egs. 7 and 8).
The product of electron transfer from ZnCc to
Fe3+CcP is represented by a (+) on the reactive
Cc and by a (—) on the CcP.
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pair, namely by titrating the “substrate”
probe ZnCc with the enzyme Fe>*CcP (8,
25) rather than by titrating ZnCcP with
the substrate quencher Fe’*Cc, and that
the complex formed by these species is in
rapid exchange (7, 15, 21). We first dis-
cuss normal titrations for ionic strength
from 4.5 to 118 mM (Fig. 1) and then
present the corresponding results for the
reverse protocol.

At low ionic strength (4.5 mM), the
normal titration of Fe3*CcP with ZnCc
does not yield the hyperbolic curve for k,
that is expected for 1:1 binding (Fig. 1A).
Instead, k, exhibits a maximum at a
ZnCc:Fe3*CcP concentration ratio of R
~ 2:1 and then decreases upon addition
of more quencher. Such a result cannot
occur for a 1:1 binding stoichiometry and
unambiguously shows that at low ionic
strength (4.5 mM) the CcP can bind Cc
simultaneously at two distinct domains.
The dependence of k, on [Fe3*CcP] at
this ionic strength can be quantitatively
described by Eq. 4, which is based on a
thermodynamic electron-transfer mecha-
nism (Scheme 1)

K, K,
Q + Ss<= a@s — Qs*
K

as + S == @s,—=>Qq's*s

Scheme 1

involving complexes with 1:1 (QS) and 2:1
(QS,) stoichiometries in the rapid-ex-
change limit (8, 26):

kq = K [QSVIS], + k,[QS, 18],  (4)
= kify + kafy

Here, f, and f, represent the fractions of
total S that exist in the form of 1:1 and
2:1 complexes, respectively; these quan-
tities are readily derived as functions of
the total concentrations of the ZnCc and
Fe3*CcP and of the stoichiometric bind-
ing constants K; and K,. The parameters
k, and k, are stoichiometric rate constants
that, respectively, correspond to the net
quenching in complexes with 1:1 and 2:1
stoichiometries. If one considers a micro-
scopic version of the 2:1 thermodynamic
(stoichiometric) Scheme 1 (Fig. 2), then
the concentration of the 1:1 complex in
Eq. 4, [QS], is seen to be the sum of the
concentrations of the two distinct com-
plexes {[1, 0] and [0, 1]} with a Cc bound
at one domain on Fe**CcP.

The parameters to Scheme 1 obtained
from the fit (Table 1) show that the first
Cc binds to CcP with a low affinity but
with a low net rate constant for electron-
transfer quenching, whereas the second
does so with a low affinity but yieldsa 2:1



complex that is highly reactive. In terms
of the microscopic mechanism of Fig. 2,
this result indicates that one domain
binds well but reacts poorly and that the
second binds poorly but reacts well.
When the normal titration is done at
slightly higher ionic strength (18 mM),
the titration curve again departs from the
hyperbola expected for a 1:1 binding stoi-
chiometry, but the difference between ti-
tration curves for 1:1 and 2:1 binding
models is sharply reduced (Fig. 1B).

At 118 mM ionic strength, however, the
normal titration gives no evidence fora 2:1
complex (Fig. 1C). Instead, the dependence
of kq on Fe>*CcP quencher concentration
can be described extremely well by Eq. 2
(Fig. 1C), on the basis of electron transfer
involving only a 1:1 complex in rapid ex-
change; the resulting values for K; and k;
are given in Table 1. Thus, binding studies
of the Cc:CcP complex by the traditional
quenching approach might suggest that the
2:1 binding stoichiometry seen at low ionic
strength is not of functional significance
because it is not seen at physiological ionic
strengths of ~100 mM or greater.

Now let us consider reverse titrations
in which ZnCc is added to a fixed con-
centration of the quencher Fe3*CcP.
Such a titration at 4.5 mM ionic strength
also is dramatically different from the
prediction for a 1:1 binding mechanism
(Fig. 3). According to Eq. 1, for such a
model the quenching constant should de-
crease monotonically with [ZnCc] (Fig.
3A). Instead the data show a lag, with kq
changing minimally from the intercept
k® until R = [ZnCcl/[Fe**CcP] ~1, and
then an increase with increasing [ZnCc].
This lag occurs because with Fe>*CcP in
excess (R < 1), essentially all ZnCc mol-
ecules bind to Fe**CcP at the strongly
binding but poorly reactive domain. In
the context of Fig. 2, this result indicates
that the [1, 0] form dominates and that
the [0, 1] form is negligibly populated. As
R increases beyond 1, the additional

”MT"’?"&" TR T T YT I LN TR

ZnCc begins to bind to Fe3"CcP at the
weakly binding, highly reactive domain.
This leads to increasing amounts of the
reactive 2:1 complex [1, 1], which causes
the quenching constant to increase. Fi-
nally, a maximum is reached and k, de-
creases. The decrease past the maximum
occurs despite a continued increase in the
concentration of [1, 1] because there is a
decrease in the fraction of the total ZnCc
that is bound in the reactive [1, 1] com-
plex; according to Eq. 4, this decreases
the quenching constant. Equation 4 also
yields Eq. 3 for a reverse titration in the
limit R — 0, with the attendant benefit.

The reverse titration at 4.5 mM ionic
strength is well described by the theoretical
curve for 2:1 binding based on Eq. 4 (Fig.
3A) and yields binding and kinetic param-
eters (Table 1) in agreement with those
used for the normal titration (Fig. 1A).
However, in this instance the values of
stoichiometric constants obtained from the
normal titration are more reliable because
of the constraints imposed by the unusual
shape of the normal titration curve. Thus,
both protocols agree in showing that there
are two distinctive binding sites on CcP and
that at low ionic strength CcP can bind two
Ccs simultaneously.

At 18 mM ionic strength, the normal
titration gives marginal evidence fora 2:1
binding (Fig. 1B). However, a reverse ti-
tration unambiguously disproves the mod-
el of a 1:1 binding stoichiometry (Fig.
3B). The parameters for the 1:1 model
that best describe the normal titration
curve (Fig. 1B) require that kq exhibit a
monotonic, fourfold decrease during the
reverse titration of 10 pM Fe>*CcP by
ZnCec. Instead, k, increases during the
initial phase of the reverse titration,
achieves a maximum increase of ~50%,
and then decreases. The explanation for
this result is the same as for the titration
at 4.5 mM ionic strength, and the exper-
imental data can be fit well with the 2:1
model embodied in Eq. 4 (Table 1). Table

Table 1. Stoichiometric constants for the 2:1 binding of Cc by CcP. Stoichiometric constants are
defined in Scheme 1. Parameters obtained from the best fit of data from a normal titration to Eq. 4
are indicated as N and those from the reverse titration are indicated as R. When both types of data
are presented, the more reliable is given first. The most realistic estimate of errors for the data at 4.5
and 18 mM ionic strength is given by the difference between the N and R parameters; a similar error
is assigned for the k; and K, values at 118 mM. The values of k, and K, at 118 mM ionic strength have

uncertainties of +50%.

lonic strength

Parameter 4.5 mM 18 mM 118 mM
N R N R N
K, (M) 7.7 X 108 9.8 x 108 1.2 X 108 4.9 X 10° 6.6 X 10° 1.0 X 104
K, (M™1) 7.5 x 108 7.7 X108 4,6 X 10° 4 x 108 1.4 X 103 —
k(s 4.0 4.5 40 200 170
ky (571 1630 1490 1460 1620 2000 —
SCIENCE ¢ VOL. 265 ¢ 16 SEPTEMBER 1994

Bl REPORTS

1 also includes the fitting parameters for
the normal titration at 18 mM ionic
strength; in this case, they are the less
reliable because at 18 mM ionic strength
the normal titration curve deviates so
little from a 1:1 binding isotherm.

At 118 mM ionic strength, the normal
titration does not deviate from the curve for
a 1:1 binding model (Fig. 1C). However,
the reverse titration again unambiguously
disproves this model: It shows an increase of
k, with increasing [ZnCc] as predicted by
the 2:1 model rather than the decrease
required in the 1:1 binding model (Fig.
3C). The data again are well fit by Eq. 4,
based on the thermodynamic 2:1 model
(Scheme 1), and the fit gives the parame-
ters in Table 1. Thus, the 2:1 model is
required to explain the data at all ionic
strength values used.

Of the four stoichiometric constants

ky(s™)
W
o
e

5| p=118mM

0 1 1L 1 L
0 20 40 60 80 100

[ZnCc] (uM)

Fig. 3. Reverse quenching titration of Fe3*+CcP by
ZnCc, plotted as k,, versus [ZnCc],. The solid lines
are calculated from Eq. 4 with the parameters
given in Table 1. (A) Quenching at 4.5 mM ionic
strength. The dashed line is the theoretical curve
of a1:1 binding model (Eq. 2) withk, = 4s~"and
K, =5 x 107 M~". Conditions: [Fe®*CcP], = 10
M in potassium phosphate buffer (pH 7.0) at 4.5
mM ionic strength and 20°C. (B) Quenching at 18
mM ionic strength. The dashed line is the theoret-
ical curve of a 1:1 binding model (Eq. 2) with k, =
40 s7" and K, = 5 X 107 M~'. Conditions:
[Fe3*CcP], = 10.4 pM in potassium phosphate
buffer (pH 7.0) at 18 mM ionic strength and 20°C.
(C) Quenching at 118 mM ionic strength. The
dashed line is the theoretical curve of a 1:1 bind-
ing model (Eq. 2) withk, = 170s™"and K, = 1.0
X 10* M~1. Conditions: [Fe**CcP], = 10 pM in
potassium phosphate buffer (pH 7.0) at 118 mM
ionic strength and 20°C. Uncertainties in k, are
+2s71,
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for the 2:1 thermodynamic binding
Scheme 1, three (K|, K;, and k;) depend
on ionic strength but k, does not (Table
1). The K; and K, constants decrease at
higher ionic strength, with K; changing
more. This difference arises because K;
describes the binding of the positively
charged Cc to the negatively charged
CcP, forming either [1, 0] or [0, 1], but K,
describes the binding of Cc to a weakly
charged 1:1 complex (Fig. 2). The fact
that k; depends strongly on ionic strength
but k, does not cannot be used to infer
that electron transfer within the 1:1 com-
plex is sensitive to ionic strength but that
within the 2:1 complex this transfer is
not sensitive. Instead, it can be under-
stood by recalling that the stoichiometric
constants defined by Scheme 1 and mea-
sured by a titration experiment are com-
posites of the microscopic constants asso-
ciated with the two binding domains on
CcP, as defined in Fig. 2 (17). The rela-

tions are as follows:

K; =Ko+ Ky (5)
K\K; = KoKy; = KoKy (6)
ky = KK o/(Kyo + Kyp)]
+ Ko/ (Ko + Kio)] (7)
k, =k + %k (8)

The stoichiometric rate constants k; and
k, for 1:1 and 2:1 complexes, respective-
ly, both depend on the two microscopic
single-domain rate constants, 'k and %k,
but only k, further depends on the two
microscopic binding constants K, and
K, through the functions K;y/2K,,, with i
= 1, 2. These functions respectively de-
scribe the fraction of 1:1 complexes that
have Cc bound at domain 1 {i = 1; [1, 0]
in Fig. 2} and at domain 2 {i = 2; [0, 1]}.
The two stoichiometric binding constants
change differentially with ionic strength
(Table 1), which requires an accompany-
ing change in the distribution of a single
bound Cc between the two binding do-
mains on CcP, namely a change in the
relative amounts of the [1, 0] and [0, 1]
forms of the 1:1 complex (Fig. 2). How-
ever, Eqs. 7 and 8 show that this alter-
ation forces a change in the stoichiomet-
ric rate constant k;, even if the domain
rate constants do not.

Analogous results would be obtained if
one protein bound another in 1:1 stoichi-
ometry at two overlapping sites within a
single domain, where the two sites had dif-
ferent electron-transfer rate constants. In
this case, there would still be two 1:1 forms
of the complex in formal equivalence to [1,
0] and [0, 1]. A shift in their relative pop-
ulations with ionic strength would change
the measured stoichiometric rate constant
even without any changes in the site rate
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constants. This discussion in terms of Fig. 2
and Egs. 5 to 8 gives a precise form to ideas
discussed by Hazzard and colleagues (27)
and by McLendon (28), who reported ionic
strength—dependent, electron-transfer rate
constants.

The reverse-titration protocol reported
here accentuates the differences between
1:1 and 2:1 binding models and has
shown that a functionally significant 2:1
complex of Cc and CcP occurs at physi-
ological ionic strengths of >100 mM.
Thus, we must revise the view held for
almost a quarter of a century that CcP
binds Cc in a 1:1 stoichiometry (6, 29—
33). Analysis of the stoichiometric bind-
ing and rate constants over a wide range
of ionic strength confirms that one do-
main on CcP binds Cc with a high affin-
ity but in a fashion such that the electron-
transfer quenching of *ZnCc by Fe?>*CcP
is poor, whereas the second domain has
weak binding but a high rate of electron-
transfer quenching. As a result, in this
experiment the minority 2:1 complex
provides the bulk of the reactivity. The
likely identity of the first domain 1 is
given by the x-ray study of Pelletier and
Kraut (31), whereas the calculations of
Northrup and co-workers give a plausible
location for the second domain (33).
Clearly, it is difficult to probe contribu-
tions from two forms of a complex when
the reactive one is in the minority, and
this condition is particularly true for bulk
physical probes such as nuclear magnetic
resonance and x-ray crystallography.
Thus, the CcP-Cc system may not be
unique in presenting such a situation. Fi-
nally, the above discussion of site (or
domain) versus stoichiometric rate con-
stants provides a means of analyzing an
ionic strength—dependent, interprotein
electron-transfer rate constant in terms of
changes in binding affinities.
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