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Abstract: Cytochromec peroxidase (CcP) binds cytochromn€Cc) at two distinct surface binding domains, one
having high affinity for Cc and the other having low affinity. The identity of the surface binding domains on CcP
has been probed by studying photoinduced interprotein hdrame electron transfer (ET) between Zn-substituted
horse Cc, ZnCc, and a cloned cytochroopeeroxidase, CcP(D37K). Charge-reversal substitution of the negatively-
charged residue Asp 37 of CcP by a positively-charged residue lysine greatly decreases the stoichiometric constant
for 1:1 binding of Cc, from 8.5« 10° M1 for the wild-type CcP to 1. 10* M~ for CcP(D37K) i« = 18 mM),

thereby identifying residue 37 as part of the high-affinity binding domain of CcP(WT) (domain 1). This assignment
is consistent with domain 1 as being that observed in a crystal of theC€R complex. The diminished ability of
CcP(D37K) to bind Cc at domain 1 also suppresses binding of a second Cc molecule to form a ternary complex.
However, the mutation sharply increases the reactivity of CcP: the stoichiometric rate constant fethbemeET

within the 1:13ZnCc-Fe**CcP(D37K) complex is 40008, much higher than that (40°Y for ZnCc(H)-Fe**-
CcP(WT). These results are explained by two-domain binding, where the high-affinity domain 1 has low heme
heme ET reactivity, while domain 2 has high henfeeme ET reactivity. The CcP(D37K) mutant exhibits greater
reactivity than CcP(WT) because the mutational weakening of Cc-binding at CcP domain 1 incre&sesitmeof

1:1 complex where Cc is bound at the heme-reactive domain 2. Upon changing the ionic strength from 18 to 59
mN, the stoichiometric ET rate constant increases for the @d#P(WT) complex, whereas it decreases 4-fold for

the Cc(H)-CcP(D37K) complex, which indicates that the two distinct binding domains on CcP are differentially
affected by ionic strength. This overall picture of ET between these two proteins is supported by a careful
reconsideration of the most recent work from other laboratories. We hypothesize that domain 1 may make the
dominant contribution to the direct reduction of the Trp 191 radical, while domain 2 provides the dominant kinetic
site for ferryl-heme reduction.

Introduction

In vivo, cytochromec peroxidase (CcP) catalyzes the two-
electron reduction of kO, by two molecules of FgCc as the
specific electron source (eq 1)? In the first step of the CcP

H,0, + 2Fé"Cc+ 2H" % 2Fé*Cc+ 2H,0 (1)

catalytic cycle, the ferriheme resting state of CcP undergoes a

two-electron oxidation by kD, (eq 2), producing the first stable

then reduced by a second molecule of'fec to the resting
state (eq 4). The first reduction can ocaither at the heme

Fe*"CcP+ H,0,— ES+ H,0 )
ES+ Fé'Cc+ 2H" — (CcP-I)+ Fe*'Cec (3)
(CcP-1l)+ FE"Cc— Fe¥ CcP+ Fe*'Cc (4)

or at the Trp radical, and thus CcP-Il exists in two electronic

species, compound ES. In this high-valence intermediate ES,configurations that are one-equivalent oxidized relative to the

one oxidizing equivalent is stored at the heme as a ferryHron

ferriheme resting state, one with an oxidized heme, CcP-li(h),

oxo [FéV=0J*" species and the other as an amino acid radical and one with an oxidized Trp, CcP-II(f)? These two forms

on Trp 1914% To complete the catalytic cycle, ES is one-
equivalent reduced by FeCc to form CcP-Il (eq 3) which is
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exhibit a pH-dependent equilibriuPrand the oxidizing equiva-
lent can transfer between the two redox sites through an
intramolecular electron-transfer (ET) process that is not fully
understood and can be surprisingly sl6#® Because this
catalytic cycle involves two Cc molecules and two spatially and
electronically distinct redox centers of CcP, a key question is
whether the two reductions occur by sequential reactions at a
single binding domain on the CcP surface or whether there might
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be two ET-active domains, opening the possibility that there
are even different “pathway$® 14 for heme and Trp reductions.

Zhou et al.

simplify the complicated problem presented by the presence of
the two redox-active centers in CcP and of the two intercon-

Extensive studies have been undertaken to address this keyerting forms of CcP-Il. By eliminating the oxidized Trp as a

question. 111540 |n particular, it is possible to examine heme
heme ET within the CeCcP complex by monitoring the ET
cycle comprised of (i) photoinduced ET from a Zn(ll)-
substituted protein, ZnCcP or ZnCc, to the corresponding
partner, F& Cc or Fé"CcP, followed by (ii) the return of the
resulting charge-transfer intermediate, [(ZnCgPE+Cc] or
[(ZnCc)t,FetCcP], to the ground staié®> The present studies
employ ZnCc. Photoinitiated ET from ZnCc to the ferri-heme
of resting state CcP is an excellent model for the reduction of

the heme site in compound ES and in the heme-oxidized CcP-

II(h) because ZnCc is a structurally and electrostatically faithful
analog of the corresponding ferrous protein, as shown by
solution NMR studie$? As a result, the two forms of Cc

should bind similarly to CcP and transfer electrons along the
same pathway¥: secondarily, the reactions have comparable
driving forces!®>*3 A key virtue of using Zn-substituted proteins

to study hemeheme ET between CcP and Cc is that they
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possible participant in reactions, one isolates and can cleanly
address questions of binding and interfacial dynamics. Once
these are understood, one can characterize the-hkemee ET
event itself, all without complication from the involvement of
the Trp radical and of interconversion between the two forms
of CcP-Il. The processes that involve the Trp then can be
addressed by reaction ZnCc with ES itself or by the comple-
mentary technique of surface redox modification, and the results
can be embedded in the overall picture of binding, docking,
and heme-heme reactivity.

Kinetic measurement% 2! showed that CcP can bind two
Cc molecules simultaneously to form a ternary complex, as first
proposed by Kang et al. in the 1978s This finding about the
2:1 stoichiometry of the CeCcP complex has been confirmed
by other techniques, including potentiometric titratiéhstopped-
flow,2930 energy transfet®47 cross-linking studies of binding
between FeCc and FeCcP systéfhsand electrostatics
calculations'®=52 Al these studies refuted the earlier belief that
only 1:1 binding occurred and, more importantly, confirmed that
CcP has two distinct binding domain. Using a redox-inert
inhibitor 21 we definitively demonstrated that one Cc molecule
binds tightly at a surface domain of CcP having low heme ET
reactivity, whereas the second Cc molecule binds weakly at a
second distinct domain having markedly greatet @) reactiv-
ity. Because of the existence of two possible binding domains
(or ET-active domains) on CcP, Cc and CcP form a system
that is extremely useful for determining the factors that control
biological electron transfer, such as interfacial dynamics,
recognition, and ET pathways.

Although the kinetic studies with the wild-type yeast CcP
(CcP(WT)) demonstrate the presence of two binding domains
on CcP, they do not provide any information about the location
of these domains. This question can be approached by site-
directed mutagenesis techniques. Poulos and Krgeherated
a computer graphic model for a 1:1 €€cP complex on the
basis of optimization of the electrostatic interactions between
complementary charged groups. In this computer modesp
37 of CcP and Lys 13 of Cc are one pair of charge groups among
many specific ionic interactions. The predicted PoulKsaut
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a binding site identified in a crystal of 1:1 complex where Asp
37 is near the center of the interaction surféfcd.o relate these
structural models with function, the negatively-charged residue
Asp 37 of CcP was mutated to a positively-charged lysine to
probe the nature of the ionic interactions in the-@cP
complex2425 This mutation of Asp 37 to Lys 37 causes more
than a 10-fold decrease in binding affinity for Cc(H) and
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changed the steady-state kinetics from biphasic for CcP(WT)

to monophasic for CcP(D37K. These results indicated that,

even though Asp 37 of CcP does not form a direct salt bridge

with Cc(H) in the form of the complex observed in the crystal
structuré* of the 1:1 Cc(H}-CcP complex, it certainly is —_
included in the functionally important strong binding domain
(domain 1).

In this paper, we report a detailed kinetic study of the ET
photocycle involving ZnCc and the CcP(D37K) mutant, thereby
combining for the first time this kinetic approach with the use
of an affinity mutant to probe multidomain binding and
reactivity. We confirm that the mutation of Asp 37 to Lys 37
lowers the affinity for binding one Cc molecule by more than
10-fold at pH 7, and thus that this residue is included in the
strong binding domain on CcP. However, while the affinity is
lowered, the rate constant for the henteeme electron transfer
from 3ZnCc to FETCcP(D37K) within the 1:1 stoichiometric
complex ismuchhigher (~10° than that for wild-type yeast
Fe*CcP. Such results indicate that Cc bound at the (unidenti- TIME (ms)

fied) weak binding domain of CcP is much more reactive for Figure 1. Semilog plots of the typical decay traces of the triplet excited
heme-heme electron transfer than is Cc bound at the strong state of ZnCc in phosphate buffers (pH 7.0) and at@0 Trace a-

binding (Asp 37) domain. The influence of the mutation in [ZnCc] = 10 «M, [Fe*CcP(D37K)]= 0 atu = 18 mM. Traces b d:
weakening Cc-binding at domain 1 on CcP increasefdotion [Fe**CcP(D37K)] = 13.6 uM, [ZnCc] = 1.0, 51.4, and 103.gM,
of the form of the 1:1 Complex where Cc is bound at the heme- respectively, au = 59 mM. Traces eg: [FETCcP(D37K)]= 16.2
reactive domain 2, thereby causing CcP(D37K) mutant to exhibit 4M, [ZnCc] = 4.5, 43.4, and 94.6M, respectively, at = 18 mM.
greater reactivity than CcP(WT). The analysis that underlies

these conclusions further is used to correct recent chithat domains), the fraction of the bound ZnCc over the total
Cc binds at only one domain on the CcP surface. ZnCe concentrationfy, is given by eq 5, where [ZnCg]and

[o]
460 nm

In (AA 0 1/ AA

f, = [ZnCC,Fé"CcP(D37K)}/[ZnCc} =

Experimental Section -
([ZnCc], + [Fe""CcP(D37K)}, + 1/K,)/2[ZnCc], —

Materials. Monobasic and dibasic potassium phosphate and potas-

sium chloride were obtained from Fisher Co. Distilled water was {([chc]o + [F63+CCP(D37K)]) + 1/kA)2 -

purified by a Millipore Milli-Q water purification system. Sephadex 4[ZnCc]0[Fe3+CcP(D37K)]3} l/2/2[ZnCC]) (5)
G25 and horse heart cytochromeype VI, were purchased from Sigma

Chemical Co.

[Fe**CcP(D37K)} are the total concentrations of the respective proteins
Zinc cytochromee (ZnCc) was prepared from horse heart cytochrome  and [zZnCc,F& CcP(D37K)] is the total concentration of the complex.

caccording to the published proceddfeZnCc was purified by cation- The kinetic traces for the ET intermediate collected fat ® < 10

exchange chromatography on a column of CM-52 sized at 2.5<cm  ms have been analyzed according to eq 6, as discussed in the Results

40 cm. The column was equilibrated with a 10 mM potassium section. Here AA, = Ae[3ZnCclkobs WhereAe, [3ZnCc, and Kops

phosphate buffer at pH 7.0; an 85 mM potassium phosphate buffer at

pH 7.0 was the eluent. The major band (second band) was used in AA, et Kied

further experiments. The procedures for the preparation and purification AAyzs(t) = ———— (e ™" — e ™) +

of CcP(D37K) were published previoust{2 Kise ~ K

Methods. The ET kinetics were performed by laser flash kinetic AA, K. (1 — e*koug) +k (e*knset —1)] 6)
spectrophotomet®j with the 532-nm output of a Q-switched Nd:YAG Kise = Keal ise all
laser under anaerobic conditions at pH 7.0 an8l 200.2 °C. The
transient digitizer (LeCroy 9310L) collects 50 000 data points in a single are the difference in extinction coefficient between intermediate and
kinetic trace; before analysis, this was compressed logarithmically to ground state, the total concentratior?@hCc, and the rate constant of
3000 data points. The decays of the triplet excited state of ZnCc, 3znCc decay, respectively; the residual absorbanceAss, O

3ZnCc, were monitored at 460 nm, where the difference in absorbance Aekott /Kot + ko)]; kise and ke are the rate constants respectively for
between®ZnCc and ZnCc is near the maximum. Each trace was an the growth and decay akAszs

average of 10 shots. The formation and decay of the resulting charge-
transfer intermediate, [(ZnCtFe&tCcP(D37K)], were monitored ata  Results

wavelength of 435 nm, the isosbestic point for tt#nCc—ZnCc . 3 "
absorbance. Data collection for slow processes involves baseline “live  Quenching of the®ZnCc by Fe**CcP(D37K). The photo-
substraction”, i.e., alternate collection of data and baseline (without induced electron transfer frofZnCc to FE*CcP is studied by

laser pulse) traces, subtracting the former from the latter to correct for examining quenching of th&ZnCc as monitored at 460 nm. In
any baseline instability on a long time scale. At least 50 shots were the absence of FéCcP(D37K), the decay oiZnCc is expo-
collected and averaged to enhance the signal-to-noise rgtio. The !(ineticsnemia| (trace a in Figure 1). The intrinsic rate constaniof
of the ET betweeriZnCc and F&CcP(D37K) was studied by using = 67 + 3 s is independent of ionic strength from 18 to 59
the method of SteraVolmer reverse titration developed recerityn mM and of the ZnCc concentration from 1 to 1051. When
which the quencher, FeCcP(D37K), was held at a fixed concentration Fe&*CcP(D37K) is present in the solution, tAZnCc decay
while being titrated with the photoexcitable probe molecule, ZnCc. The remains exponential but is accelerated During a reverse titration
laser power was controlled with a tunable polarizing beam splitter. . . . . ’ . .

If ZnCc and the F& CcP(D37K) mutant bind in a 1:dtoichiometry in which ZnCc is progressively added into a solution of

: " . .
(independent of whether this binding involves multiple binding Fe CC_P a_lt a fixed concentration, the qecay constant depends
on the ionic strength and the concentration of ZnCc (traees b

(55) Vanderkooi, J. M.; Adar, F.; Erecinska, Mur. J. Biochemistry ~ in Figure 1). The quenching constarkg <€ kobs- ko) are plotted
1976 64, 381-387. in Figure 2 for titrations at 18 and 59 mM ionic strengths. The
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Figure 2. ET quenching rate 6ZnCc by FE*CcP(D37K) as function
of [ZnCc] in phosphate buffer (pH 7.0) at 2C. The solid lines are
the theoretical fits to a 1:1 binding isotherm (eq 7) with = 7.3 x
10° M~ (bottom) andKs = 1.26 x 10* M~ (top). The dotted lines
are the theoretical fits to eq 7, assuming the intercept vaiyié=q 8)
having a error of£5% (top) and +10% (bottom), respectively.
Conditions: [F& CcP(D37K)]= 16.2uM at x = 18 mM (top) and
[Fe¥*CcP(D37K)] = 13.6 uM at u = 59 mM (bottom). Inset: ET
guenching offZnCc by wild-type F& CcP as function of [ZnCc] in
phosphate buffer (pH 7.0 and = 18 mM) at 20°C. [FEétCcP] =
10.4uM. The solid line is the theoretical curve of a 2:1 binding mddel.
The dotted line is the theoretical prediction of a 1:1 binding mokel (
= 8.5 x 10° M~ andk; = 39 s). The difference between the two
curves, rather than the weak maximum in the experiment, confirms
2:1 binding.
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Scheme 1

Kon k
3 + 3 + 1 +
*ZnCe + Fe* CecP(D37K) === [*ZnCc,Fe’ ‘CcP(D3TK)— [ZnCc” Fe'CcP(D3TK))
off 1
I 1
kon koif

N0

hv 1 kg ZnCc" + Fe?" CcP(D37K)

hv

kOﬂ
ZnCc+Fe*'CeP(D37K) == [ZnCc,Fe*'CcP(D37K)]

Koft

where the intracomplex electron transfer frofanCc to
Fet*CcP(D37K) is much slower than the association and
dissociation of the complex. Scheme 1 depicts various processes
for the ZnCe-Fe**CcP(D37K) system in the solution. Irradia-
tion of the solution with a laser produces the singlet excited
state (not shown) of ZnCc, which rapidly undergoes intersystem
crossing to form the triplet excited state. Like ground-state
ZnCc, the ZnCc excited state exists in two forafeee and
associated with FeCcP(D37K). Because of the presence of
the forms prior to irradiation, the observed decayziCc can
be biexponential or exponential, depending on whether or not
the rate constank() for the intracomplex ET is much faster
than the rate constari) for the dissociation of the complex.
When dissociation of the complex is slower than intracomplex
ET (ki > ko), the “static quenching” process within the
preformed complex and the diffusive quenching process between
the free reactants occur on different time scales. In this case,
if there is a significant amount of the preformed complex (more
than~5%) in the solution, the decay &nC will be biphasic:
(i) rapidly decaying, component is related to the intracomplex
ET within the preformed complex, and (ii) slow, component
reflects ET between fre&nCc and free FECcP(D37K). This
prediction based on the slow exchange mechankgree( ko)
is inconsistent with the observation that tfénCc decay is
exponential in the presence of F€cP(D37K). Alternatively,

guenching constants in both titrations are greatest at the lowestbecause of the limited time resolution of the instrument, fast

concentration of ZnCc and decrease monotonically. uAt
18mM, the quenching decreases fré§r 670 s as [ZnCC]
— 0 tokg ~ 400 st at [ZnCc]= 95 uM; at u = 59 mM, the
quenching is diminished, and the quenching decreaseskiom
~ 90 s! to ky = 60 s over the same ZnCc concentration
range. This behavior contrasts sharply with that for wild-type
cytochromec peroxidase. A reverse titration of CcP(WT) at
18 mM ionic strengtff begins with a very low value of the
quenching constant as [ZnCe} 0, kj ~ 35 s'1. Rather than
decreasing sharply and monotonically, as is reqdirfat such
a titration when binding has a 1:1 stoichiometry (Figure 2, inset),
the quenching actuallyncreasesslightly to k; ~ 55 st at
[ZnCc] ~ 30 uM and then decreases slightly kg~ 50 s* at
the highest concentration employed.

At no point during a titration of FeCcP(D37K) by ZnCc

ET within the preformed complex might be undetectable, leading
to anapparentexponential decay ofZnCc at 460 nm in the
presence of FeCcP(D37K). However, if this were so, then
there would be a significant decrease in the absorbance of
3ZnCc at the apparent time zero on the addition of"EeP-
(D37K). Instead, the absorbance3Cc at 460 nm at time
zero does not decrease significantly when th&" EeP(D37K)

is added into the ZnCc solution.

A slow exchange mechanism might also be operative, yet
lead to exponential decay éZnCc, if the population of the
preformed complex is very low, because of weak binding
between ZnCc and FeCcP(D37K). In this case, the faster
decay component would not be resolved. However, for weak
binding in the slow exchange limik{ > ko), the bimolecular
diffusion step ko) is the controlling step in the quenching of

does an increase in the laser power from 1 to 80 mJ/pulse®ZnCc. As a result, théZnCc would decay in a second-order
introduce a rapidly decaying component (on the microsecond process, or with a rate constant that depends on®Zm€c

timescale) or cause the decay &@nCc to become nonexpo-

concentration (or the laser power). The finding that, in the

nential, nor does it change the decay rate constant. Thepresence of FeCcP(D37K), the’ZnCc decays with one rate

absorbance differencé\AJsonn), created by photolysis of the
solution, of®ZnCc at either ionic strength also is not significantly
diminished by the presence of #€cP(D37K).

constant, independent of the laser power (i.e., $##aCc
concentration), eliminates this possibility. These experimental
results thus establish that there is no ultrafast ET between

As we now describe, these observations together establish®ZnCc and F& CcP(D37K) within the preformed complex.

that, under the conditions of these experiments, there is no fast

“static” quenching of3ZnCc by F&"CcP(D37K) within a

Binding. As discussed in detail earliét for a system that
exhibits only 1:1 bindinglk, mustdecrease monotonically during

preformed complex, and that the quenching kinetics can be a reverse titration of FéCcP(WT) with ZnCc, and thus the
treated by expressions appropriate for the rapid exchange limit,appearance of a maximum kg during this titration at 18 mM
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Table 1. ET Rate Constants and Binding Constants Obtained from the One-Parameter Fits of Data into Eqs 5 and 7

u (mM) ki(s™ Ki(M™) ki(s™) K2 (M™Y) ka (s

CCP(WTY 18 33 8.5x 10° 40 4300 1540
59 91+ 9 (7.30+ 3.3) x 16° 1006+ 300
CcP(D37KY 18 661+ 30 (1.26+ 0.30) x 10* 3899+ 550

2The averaged value of constants obtained from the inverse and reverse titiffams;ept forks, which is taken from ref 2Q Calculated

from kg andKa according to eq 8.

ionic strengtrC illustrated in Figure 2 (inset), is unambiguous
proof that Cc binds to wild-type peroxidase in a 2:1 stoichi-
ometry under these conditions. In contrast, the monotonic
decrease irkq during the titration of F&"CcP(D37K) requires
only the involvement of a 1:1 ZnCeCcP(D37K) complex in

the quenching process. In this case, the rapid exchange limit

requires thak; < ko [FE*"CcP(D37K)] andk; < kot (Scheme

1). Because intracomplex ET within the complex is the
controlling step in the quenching &nCc by FETCcP(D37K),

the dissociated®ZnCc and F& CcP(D37K) always are in
equilibrium with the complex¥nCc,Fé"CcP(D37K)], and the
triplet excited state of ZnCc decays exponentially then, regard-
less of the3ZnCc and F& CcP(D37K) concentration and
binding constant. The quenching rate const&g) iheasured

at any point in a titration is determined by the fraction of the
bound ZnCcf; (eq 5), and the intracomplex ET rate constant.

[ZnCc,FE"CcP(D37K)]
[ZnCc],

ke =Ky

=kif; (7)

ionic strengths are well described by egs 5 and 7 for a 1:1
binding stoichiometry

The binding constant for CcP(D37K) is modelsh ~ 10*
M1, and does not change greatly betwaen 18 and 59 mM.
This contrasts with the high affinity and the strong ionic strength
dependence shown by CcP(WT) for binding the first Cc, where
Ka changes from~107 to ~10° M~1 over a similar change in
ionic strength. The finding that the D37K mutation reduces
Ka by more than 10-fold is consistent with the earlier studfes.
The rate constant for CcP(D37kdyops ca.4-fold, fromk; =
4000 to 1000 s, as the ionic strength is increased from=
18 to 59 mM. In contrast, for CcP(WT), the rate constant
increasesfrom k; = 40 to 200 s! when the ionic strength
increases from 18 to 118 mM. As discussed below, even though
the results for CcP(D37K) reflect a 1:1 bindistpichiometry
the changes in behavior with ionic strength indicate that the
binding and reaction occur at two (or more) separate binding
domains

Kinetics of the ET Intermediate. Thermal back electron
transfer between P€CcP(D37K) and the ZnCc cation radical,
ZnCc", subsequent to the photoinitiated ET has been followed

Because the interactions between the protein surfaces arg, monitoring the absorption of the ET intermediate, [ZhEe*-

unlikely to be affected by optical excitation of the zinc porphyrin
within cytochromec, we take the equilibrium constants,, to
be identical for binding CcP to both the ground state and excited
triplet states of of ZnCc.

The titration data in Figure 2 can be fitted directly to eqs 5
and 7 to determine the binding constalkis) and intracomplex
ET rate constank{). However, as can clearly be seen in Figure
2, in a reverse titration, where the quencher is at a fixed
concentration, denoted [FeCcP(D37K)}, and the sensitizer
ZnCc is the titrant, the quenching rate constant has a well-
defined, nonzero limit (intercept) as [ZnGe} 0, denoted as
ks. From egs 5 and 7 this intercept can be written

€= kK [Fe*" CcP(D37K)},

8
YA 4 K, [FET CeP(D3TK)), ©)
The experimental value fdkg, then, can be used with the

relation betweerK, andk; given by eq 8 to eliminate one of
the two parameter&{ andK,) that describe a 1:1 titration curve.

In short, a reverse titration provides an additional input, the
nonzerokg intercept, that is not provided by the “triviaky =

0 intercept in a 'normal’ titration of a photodonor by a quencher.
This makes the reverse titration more reliable than the normal
titration for determining the intracomplex ET rate constant and

the weak binding constant that clearly characterize the complex

with the CcP mutant (Figure 2). The binding constants and

CcP(D37K)], at 435 nm, the isosbestic point for fzaCc—
ZnCc absorbance. At 18 mM ionic strength, the signal rises to
a maximum within~1 ms and then falls to a plateau value of
one-half to one-third the maximum within~8.0 ms (Figure

3); this residual absorbance then decays very slowly (Figure 3,
inset). This behavior is reflective of Scheme 1 in a process
where the behavior far< 10 ms primarily reflects the buildup

of the charge-transferred compleX®~ and its decay through
both ET recombination and dissociation of the complex. The
long-time trace is a second-order process in which the dissoci-
ated ET products, ZnCcand F&"CcP(D37K), reassociate and
return to the initial state. This kinetic behavior of the ET
intermediate was observed over the ZnCc concentration range
8.9-38.1 uM (Figure 4). The kinetic traces for the ET
intermediate collected for & t < 10 ms have been analyzed
in the simplifying and well-justified limit where the recombina-
tion of the dissociated ET products is unimportant on this time
scale. This analysis is equivalent to settig= 0 in Scheme

1. This leads to the description of the time course for the
absorbance difference, given by eq 6.

All kinetic traces are well described by eq 6, withe >
kobsandksa ~ kops In this case, one assigns the measured rate
constants to those of Scheme 1 as followgie = ko + Kof;
kian = Kobs = ko + kg To obtain the most reliable values of

ise @ final analysis of all data with eq 6 has been carried out

intracomplex ET constants obtained by using this procedure to PY fiXing kan = kops which is most reliably determined from

fit to the data by eqgs 5 and 7 are reported in Table 1. The the *ZnCc decay at 460 nm. The rate constant for the
spread in the titration curves, calculated using 5% and 10% appearance of the transient is independent of the ZnCc
uncertainties in the respective interceig,for the experiments ~ concentration (8.9 [ZnCc] < 38.1uM, kise = 2150+ 130

at 18 and 59 mM ionic strengths, is illustrated in Figure 2 and S %), much greater than the triplet decay rate constant. This
shows that the actual uncertainties in the kinetic parameters mustonfirms that ET occurs within the bound proteijprotein

be less than these limits. The good agreement shown betweercomplex. The ET intermediate, formed by ET quenching of
the experimental titration curves and those calculated using theseZnCc by F&"CcP, also has been observed for solutions of 59
values (Figure 2) clearly indicates that the measurements at bothmM ionic strength. However, in this case the signal at 435 nm
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Figure 3. (A) The decay trace ofZnCc at 460 nm. The solid line is
the exponential fitting curve. (B) Kinetic progress curve for the ET
intermediate monitored at 435 nm. The solid line is the theoretical fit
obtained with a single rise-and-fall function (eq 6), using the following
parametersk = 2286 s?, ki = kops = 665 S, AA, = 0.0057,AAq

= 0.0792. Inset: Slow second-order decay of the residual change in
absorbanceAA.) on a very long time scale. Conditions: [ZnCe]
12.5uM, [Fe**CcP(D37K)]= 16.2uM in phosphate buffer (pH 7.0)
atu = 18 mM and 20°C.
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Figure 4. Kinetic progress curves for the ET intermediate monitored
at 435 nm. Conditions: [FéCcP(D37K)]= 16.2uM, [ZnCc] = 8.9,
12.5, 19.2, 24.0, and 38/M, respectively (from bottom to top), in
phosphate buffer (pH 7.0) at = 18 mM and 20°C. The solid lines
are the theoretical fits with eq 6.

from the intermediate is too small to be analyzed reli&Bly,
and its kinetics were not investigated in further detail.

(56) Since at 59 mM ionic strength, almost 50% of the ZnCc triplet is
not quenched by the FeCcP(D37K), the kinetics of ET intermediate at
this ionic strength is complicated by the intrinsic transient which is probably
produced from the intraprotein ET between the Zn-porphyrin triplet and
some residues inside ZnCc.

Zhou et al.
Analysis and Discussion

Previous work has shown that CcP(WT) can bind two Ccs
simultaneously at two separate binding domains: one having
high affinity and the other having low affinit,18-21,29.30454752
The complex with 2:1 stoichiometry hasca. 10°-fold higher
rate constant for direct heméeme ET than does the 1:1
complex. It appears that this reflects an intrinsically higher
reactivity at the weak binding domain, denoted domain 2. By
use of the reverse titration protoc8lthe difference between
1:1 and 2:1 binding can be accentuated, as shown in Figure 2
(inset), and this new experimental approach allowed us to
confirm that the 2:1 stoichiometry is present even at high ionic
strength, 118 mM? The mutant CcP(D37K), obtained by a
single charge-reversal on the CcP surface, behaves very differ-
ently from CcP(WT) in binding and heméieme ET. Whereas
a maximum inky is seen in the reverse titration of wild-type
CcP by ZnCc? k, decreases monotonically in the reverse
titration of FETCcP(D37K) by ZnCc. The titration with the
mutant is well-described by a 1:1 bindisgpichiometry even
at the modest ionic strength of 18 mM, with an intermediate
binding constantk; ~ 10* M~1). This effect of the mutation
on binding constant clearly substantiates the influence of residue
37 on the high-affinity binding domain. The weakened binding
is accompanied by a sharghcreasedate of ET, a decoupling
of binding and reactivity that has been observed before.
Moreover, the rate constarig) for ET within the 1:1 complex
shows a sharply different dependence on ionic strength for CcP-
(WT) and CcP(D37K):k; decreases for CcP(D37K) as the ionic
strength increases, whereas it increases for CcP(WT) (Table 1).

Previous site-directed mutagenesis results were interpreted
in terms of two “conformers” of a 1:1 adduct, corresponding to
“exclusive” binding at two different sites within a single CcP
binding domair?*2%> Given the observation of a 1:1 stoichi-
ometry in the present study with CcP(D37K), our results, of
course, could be interpreted similarly. However, the definitive
demonstration that there are two distinct binding domains on
CcP, as shown by the formation of the ternary complex,
[Cc,CcP,Cci118-21,29304552 ndicates that the “conformers” are
to be viewed as involving microscopically distinct binding
domains that can be populatesrexclusively, and simulta-
neously in the case of CcP(WT) under appropriate conditions.
As we now discuss, the results reported here indicate that the
mutation of Asp 37 of CcP to Lys produces apparent
paradox: weakened binding at the poorly-reacting but tightly-
binding domain, domain 1, has the effect of increasing the
occupancy of the highly reactive domain 2, and this is the cause
of the increase in the observed (stoichiometric) rate for ET in
the 1:1 complex between the mutant CcP and Cc. We further
show that measurements carried out by others through the use
of ruthenium-labeled CG8-36:38stronglysupportthe conclusion
that the surface of CcP has two domains for binding Cc and
that these have different reactivities for ET with the heme and
Trp radical sites.

Stoichiometric »s Domain Constants. To begin, we recall
that, in the case of multivalent binding, one must distinguish
between stoichiometric (macroscopic) and domain or site
(microscopic) equilibria. The meaning of these terms is
illustrated in Figure 5. Experiments always yield stoichiometric
binding constants; domain or site binding constants are experi-
mentally inaccessible unless one monitors, say with NMR, the
domains themselves. For an “enzyme” such as CcP that can
simultaneously bind two “substrate” proteins, here Cc, at two
distinct domains, the relations between the stoichiometric
(macroscopic) and domain (microscopic) binding constants are
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Figure 5. Schematic representation of domain (microscopic) and
stoichiometric (macroscopic) bindings of Cc on CcP. TKe and

ik (i = 1, 2) are domain binding constants and domain ET rate constants,
respectivelyK; andk; (i = 1, 2) are stoichiometric binding and ET
rate constants.
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given by eqs 911205759 Here,Kjg (i = 1, 2) is the domain

Ki =Kot Ky 9
_ KioK12 (10)
2 Kio T Kyo
KKz = KoKy = KygKyg (11)

binding constant for binding one Cc at domaiof free CcP;
Kiz (i = 1,2) is the domain binding constant for binding the
second Cc to the 1:1 Cc:CcP complex, where the Cc is bound
at domaini of CcP. CcP is not big enough to bind two Cc
molecules without some interaction between them, and one
must, therefore, expect that the domain constants will reflect
this, with K19 > Kz andKyg > Kig, because of the presence of
repulsive interactions between the two bound Ccs in the ternary
complex.

Likewise, when the complexes and the components are in

J. Am. Chem. Soc., Vol. 119, No. 221997

It can be seen clearly from eqs—21 that both of the
experimentally-determined stoichiometric binding constaiis (
andKj) will change even if only one domain binding constant,
e.g.,Kio, changes for any reason. Likewise, the rate constant
ki will change, whereag; is independent of domain binding
constants (eq 12). This has been often ignored in the design
and conduct of experiments and in the interpretation of
experimental results of binding stoichiometry and domains
probed by site-directed mutagenesis techniques.

Effects of the Mutation on Domain Binding Constants and
Binding Stoichiometry. With the consideration of eqs—3®,
it is straightforward to understand the observed effects of the
mutation of Asp 37 to Lys 37 on CcP on binding stoichiometry
and affinity. For CcP(WT)Cc complexes, we have previously
determined the stoichiometric binding constants at 18 mM ionic
strength and pH 7.0K; = 8.5 x 10° M~1andK, = 4.3 x 1C°
M~L  Although the domain binding constants cannot be
determined directly, it is possible to make reasonable estimates
of the domain constants for this system at this ionic strength
through use of eqs-911. Experiment shows tha¢;o > Ky
for CcP(WT), in which cas&;9o~ K; =8.5x 10°P M1, Ko~
Ko =4.3x 108 Mfl, Koo > K12 =4.3 x 108 Mfl, andKs; <
Kio = 8.5 x 10° M~ (Table 2).

For the CcP(D37K) mutant, substitution of the negatively-
charged residue Asp 37 with a positively-charged lysine greatly
weakens the Cc-binding affinity at domainK.f), because the
mutation not only eliminates a negative charge on CcP but also
introduces simultaneously a repulsive interaction between the
positively charged Lys 37 of CcP(D37K) and the positively-
charged lysine residues located at the heme-exposed edge
(docking domain) of Cc. This is clearly shown by the sharp
decrease in the stoichiometric binding consténfrom 1 to
10* M~L. Considering that the residue 37 probably is more than
10 A away95° from the second binding domain of CcP, we
may, to a first approximation, assume that the binding affinity
at domain 2 Kx) is not substantially affected by the mutation
in CcP(D37K). With this assumption, we can use the thermo-
dynamic cycle implicit in Figure 5 to make the following
estimates for CcP(D37K)K(D37K) = 1.26 x 10* M™1 > Ky
(D37K) = Ky(WT) = 4.3 x 108 M~ andK;o(D37K) < 8.3 x

rapid exchange, the stoichiometric (macroscopic) rate constantsl(® M~ (Table 2).

defined by Scheme 1 and measured by a titration experiment,
in fact, are a composite of the domain (microscopic) constants
associated with the two binding domains on CcP, as defined in
Figure 5. The relations are as follows:

K K
K, = ko + 20— = kf, + %
! KlO + KZO KlO + KZO ! 2
K
=%+ (k- 'K ?210 =+ %k — ), (12)
k, =k + % (13)

In particular, the stoichiometric constakit depends not only
on the two microscopic single-domain rate constattsand
2k, but also on the two microscopic binding constakis, and
Ko, through the function§ = Kijo/K; (i = 1, 2). The ratiod;
andf, describe the fraction of 1:1 complex in solution that has
Cc bound respectively at domains 1 andi2= 1; [1,0] and
[0,1] in Figure §.

(57) Klotz, 1. M. Introduction to Biomolecular Energetics, Including
Ligand—Receptor InteractionsAcademic Press: New York, 1986.

(58) Van Holde, K. E.Physical Biochemistry2nd ed.; Prentice-Hall:
Englewood Cliffs, NJ, 1985.

(59) Strickland, S.; Palmer, G.; Massey, ¥.Biol. Chem.1975 250
4048-4052.

Based on these considerations, it is easy to understand why
K1(D37K) < K1(WT), yetKy(WT) > Ky(D37K), with the latter
having the consequence that a 2:1 ternary complex is observed
for CcP(WT) but not the CcP(D37K) mutant. The concentration
of ternary complex depends on the prodiGi, = K10K12 (€q
11). Thus, even Ky, is unaffected by the mutation, according
to eq 10 a major decrease o for the mutant would make
Ky(D37K) < Ky(WT) ~ 4 x 10® M~L. Put another way, the
formation of 2:1 Ce-CcP complex requires two consecutive
binding steps: one of moderately weak strength, followed by
an even weaker one. Thus, for the mutant, the amount of 2:1
complex should be negligibly small, so that only the complexes
with 1:1 stoichiometries contribute to the quenchingafCc
by FE+CcP(D37K) under our experimental conditions.

Domain Heme-Heme ET Rate Constants. Although the
stoichiometricconstants for binding of Cc are greatly lessened
by the mutation of Asp 37 to Lys 37 in CcP, thmichiometric
intracomplex ET rate constaki is greatly enhanced, witky
increasing from 40 g 20 for CcP(WT) to 3900 s! for CcP-
(D37K) (Table 1). This can be understood in terms of eq 12,
which shows that, even for a 1:1 binding stoichiometry, the
stoichiometric rate constaki is a weighted average of the two
domain rate constants, which are associated with the two
conformers of the 1:1 complex. Analysis of the data in the
inset to Figure 2 indicates that, even at the quenching maximum,
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Table 2. Estimates of Domain Constants at pH 7.0~ 18 mM, and 20°C

Kio(M™Y) K20 (M™Y) Kz (M) Kz (M) k(s %k (s
CcP(WT) 8.5x 1P >4.3x 10° 43x 10° smalk <42 >2500
CcP(D37K) <8.3x 10® >43x 10° smalf smalf d >3900¢

aK,; < Kyo as described in the textReferences 19 and 20K;; < 4.3 x 10® M~L ¢ Undetermined¢ By eq 12,%k > k; (Table 1).
2 e Comparison with Studies That Involve Ruthenated Iron
(%i%) Proteins. The definitive finding that direct heméheme ET is
more efficient in the 2:1 complex than in the 1:1 complex is
coupled with strong evidence that the more tightly binding
domain (1) exhibits poor hemeéheme ET32-36:38 whereas the

WT

%

/%. L% (%T) domain with weaker binding (2) is highly reactive for direct
{‘:/e/ J\ %/% heme-heme ET2° This suggests that direct ET to the Trp
radical site occurs at the binding domain identified by the X-ray
@ structure, which certainly must be associated with the kinetically
detected domain 1, but that this domain may have lesser activity
. for direct heme-centered reactions. It has been argued that flash
k i photolysis studies with ruthenium-labeled Ccs and?E35:38
D37K o % (g/g ‘) rule out such a suggestion and, indeed, rule out two-domain
‘l*';//’ reactivity. We now suggest that these studies instead fully
support the two-domain picture.
4 The approach of covalently attaching a photoactive inorganic
¥\i0 ) redox complex to a specific surface amino acid residue of a
k redox-active protein has revolutionized the studintfaprotein

Figure 6. Schematic representation of dominant bindings and reaction
pathways as described in the text. For CcP(WT), Cc almost exclusively
follows the binding stage of the upper pathway, with essential none of
[0,1] species formed. In contrast, for CcP(D37K), Cc binds at the two

domains with comparable affinities.

ET.12 The extension of these methods to the study of inter-
protein ET between redox centers in noncovalent pretein
protein complexes has the potential advantage that it can be
used to study any protein pair, including those in whiefither
partner contains a heme. However, the attachment of a large
and often highly charged Ru complex can strongly perturb the
delicate balance of interactions that govern complex formation,
thereby having a profound effect on the strength and even the
mode of proteir-protein binding. Ignoring for now such issues,
these studied—3%38indicate that Cc bound at the tight binding
domain reduces the Trp radical, not the heme site, so that the
product of the first such reduction of ES is CcP(h), in which
the one oxidizing equivalent is on the heme. It is further
suggested that this is followed by rapid intramolecular ET
between the oxidized heme and the Trp to generate CcP(r) as
the net product of the first reduction of ES by?F€c bound at
domain 1 (eq 14). Return to the resting state, then, involves

the dominant contribution to the quenching is from the 1:1
stoichiometry. As represented graphically in Figure 6, the first
binding step occurs almost exclusively at domain 1 of CcP-
(WT) in the heme ET-inactive 1:1 complex [1,0] € Ki¢/K1
> 98.5%; k < 4.5 s1).20 Nonetheless, the reactivity is
dominated by Cc bound at domain 2 in the highly reactive 1:1
complex [0,1] & > 2500 s1).20 For CcP(D37K), the mutation
of Asp 37 to Lys 37 of CcP reducdé to the point that the
two domains bind a Cc with comparable affinity. As a result,
the first stoichiometric binding step occurs with only moderate
affinity but now involves substantial formation of the highly
reactive 1:1 complex [0,1], with, > 34%. In effect, the
mutational weakening of the binding at domain 1 acts to
strengthenbinding to the highly reactive domain 2 lna. 2 reduction of the radical in CcP-II(r). In this process, ferryl-
orders of magnitude. The result is described by eq 12: the heme reduction is the result not of direct transfer to the heme
stoichiometric rate constaki is increased significantly, even  but of a two-step process that involves the Trp. From this it is
though the domain rate constants are not affected by theconcluded that the heme-centered reduction and the Trp-centered
mutation. Based on the estimate for the domain binding reduction proceed along a common “pathway” and that both
constant Ko = 4.3 x 10 M™1), the upper limit for’k can be oxidizing equivalentsnecessarilyare transferred to the Cc
set up agk(D37K) < 400K1/(4.3 x 10%) ~ 1.2 x 10* s L. through a common binding domain. However, a number of
The ionic strength dependencekaffor the ZnCe-Fe**CcP- considerations show this conclusion to be invalid. First, the
(D37K) system likewise can be explained in terms of the reactions are carried out under highly nonphysiological condi-
relations between the stoichiometric and domain constants (eqgions in which the concentration of FeCc is comparable to or

[(Fe=0)*'R] CcP-lI=[Fe**R*]CcP-II (14)

9 and 12) if bothKjp and Ky decrease as the ionic strength
increases, withK;o decreasing more slowly. In this cade,
decreases from 3900 to 1000'sbecause the fraction of the
heme ETinactive 1:1 complex [1,0] increases as the ionic
strength increasesKio and Ky respectively incorporate the

less than that of ES. But these conditions assure that binding
occurs only at the strong binding domain and preclude examina-
tion of the weak binding one! In other words, while the

experiments elegantly demonstrate that heme reduction at
domain 1 can generate CcP-lI(h) in a two-stage process, from

electrostatic interactions of the positively-charged, heme-exposedcytochrome to Trp to ferryl-heme, the experimental conditions
edge region on Cc with the negatively-charged domain 1 and in fact eliminate the possibility of detectirtirectheme-heme
domain 2 on CcP(D37K). Their ionic strength dependences ET from a cytochrome that binds and reacts at the second
could differ because the repulsive electrostatic interactions of domain. Thus, the conclusion that heme reduction occurs only
the positively-charged residue Lys 37 at domain 1 of CcP(D37K) by reaction at domain 1 is rather a consequence of the
with the positively-charged lysine residues around the heme- measurement technique. One should also recall that intraprotein
exposed edge of Cc is weaker at higher ionic strength due toET between heme and Trp is a (poorly understood) process that,
the charge screening effects. under some circumstances, can be far slower than rates measured
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for reduction by Cc.810 Most importantly, note that CcP-
lI(h) can be prepared asstablespecies, wittho evidence for
the formation of CcP-II(r) species.

The two-domain binding model can also be applied to the
recent study of a surface mutant reported by Miller e¥*ah

J. Am. Chem. Soc., Vol. 119, No. 221B97

one of which the CcP ferryl heme is directly reduced by a Cc
bound at domain 2. In fact, the heme substitution measurements
described above show that Cc bound at domain 1 does not
undergo hemeheme ET when the Trp radical is not present
but that this doesot eliminate heme-centered ET to¥€c,

this study, the introduction of a bulky sulfhydryl group to CcP thereby disproving the notion that there is but one “portal” for
double mutant at position Cys 193 was used to weaken bindingthe entry of reducing equivalents into CcP. Indeed, the rate
to the binding domain detected by X-ray diffraction, which the constant for the reduction of ZnC¢Py Fe#+Cc is quite similar
present work confirms to be associated with domain 1. to the rate constant reported for the heme-centered reduction
Unfortunately, these authors did not provide any data for the of CcP-1132-36.38and thus, metal substitutiatemonstrateshe
binding affinity, and we cannot compare binding constants, presence of an ET pathway to the CcP heme that does not
presuming, of course, that values obtained in the presence ofinvolve transient oxidation of Trp 191. The reasonable overall
the perturbing Ru complex can be compared. As in the presentconclusions are is that (i) reduction of the Trp radical occurs
case, they did not detect any 2:1 complex. In part this is becausepreferentially at domain 1; (i) under conditions where equilibra-
of the limitations in their experimental design noted above; in tion of CcP(h) and CcP(r) is slow compared to the rapid heme
part it is because, as explained above, weakened binding to oneeductions at domain 2, heme reduction might occur preferen-
of the domains necessarily decreases the stoichiometric constantjally at this domain; (iii) whereas under conditions where
K2 (eq 10). They also noted that the observed ET rate constantequilibration is slow, heme reduction by #€c occurs

is changed after double mutation and attachment of a bulky independently at both domains, through a two-step process at
group. They interpreted their observations in the context of domain 1 but directly at domain 2. One might surmise that
two 1:1 complex conformers with Cc bound at two different misplaced emphasis on reactivity at a single domain in part may
sites within the broad, strong binding domain (H-mode and be inspired by inappropriate use of the X-ray structure of the
Y-mode). However, without any evidence to indicate that they 1:1 complex. Whereas crystallization selects the least soluble
could resolve a static unimolecular ET process involving a single species from a solution, this need not correspond to the most
conformer, it is unlikely that they have obtained site or domain active species, and it certainly need not be the only reactive
constants, but rather only determined a stoichiometric rate one.

constant, which is the sum of the weighted contributions from  gymmary. CcP binds Cc at two distinct binding domains,
all possible 1:1 complex conformers with Cc bound at domains one  having high affinity and the other having low
1and 2. Based on the reported data, they cannot rule out the,gsinjty 11.18-21,29304552  Charge-reversal substitution of the

existence of two qhstmct binding domains on .CcP or the negatively-charged residue Asp 37 of CcP by a positively-
|mportar]ce of contributions from a 1:1 complex with Cc bound charged lysine strongly suppresses the 1:1 binding of Cc, thereby
at domain 2. Furthermore, the yCc dependence of steady-statqdentifying residue 37 as part of the surface domain of CcP-
activity of CcP(MI) at three different ionic strengths can be (WT), denoted domain 1, that binds Cc with high affinity. This
equally well interpreted by the model of two distinct binding  assignment also is consistent with domain 1 being the binding
domains on CcP. Ag =20 mM, the population of 1:1 complex g rface observed in the ECcP crystal structuréwhich shows

with Cc at domain 1 [1,0] is much higher than that of 1.1 ¢ positively-charged Lys near the center of the interaction.
complex with Cc at domain 2 [0,1]. Since [1,0] is much less e giminished ability of CcP(D37K) to bind Cc at domain 1
reactive than [0,1], the first saturation value ®j i.e,, the 5155 syppresses binding of a second Cc molecule to form a
y-intercept, is low, about 6°3. When the ionic strength  yornary complex. However, the mutation sharply increases the
increases to 40 mM, the contribution of [0,1] is enhanced due gpserved reactivity of Cc. This happens because the mutation
to the differential dependence of domain binding constiaés  j,creases théraction of the 1:1 complex where Cc is bound at
and K20 0N ionic strength', leading to Qvalue of 50 dor the the heme-reactive domain 2, i.6(D37K) > f,(WT) (eq 12),
y-intercept. The further increase @f with yCc concentration —\yhich in turn causes CcP(D37K) to exhibit greater reactivity
after the first saturation is likely related to the contribution of than CcP(WT). The results further demand that the two distinct
211,00”.‘9'.6)( [1.1], whose formation fO”F’W? 11 Clomplex. At binding domains on CcP are differentially affected by ionic
a high ionic strength of 100 mM, the binding affinity for 1:1 strength. This overall picture is supported by a careful
complex is much weaker, and the saturationgis no longer reconsideration of the most recent work from other
as evident as it is at lower ionic strength. Thentercept,  |3pratorieg?-3638 We hypothesize that domain 1, which the
therefore,. is disappeared. But, the contribuf[ion of reaptive [0,1] present results suggest closely corresponds to the crystal-
complex is even higher, and the valuekgl is much higher. 54 a0hic domain, may make the dominant contribution to the
The change in the ionic strength dependendeis reflective  — roq,ction of the Trp 191 radical, while domain 2, which s likely
of the variation of the conmlb_utlon from complexes [0,1] and 560 the surface area including Asp 148 as predicted by the
[1.1] and of different reactivities between [0,1] and [1,1]. electrostatic calculation, provides the dominant kinetic site for

The hemg subst|tut|on {itration procedure_s, In contrast, are ferryl—heme reduction. Further work on probing the weak
successful in characterizing the two-domain binding and in binding domain (domain 2) is in progress

demonstrating direct hemdieme reactivity at the more weakly
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