10132 Biochemistry2000, 39, 10132-10139
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ABSTRACT. Cytochromec peroxidase (€P) can bind as many as two cytochrom@Cc) molecules in an
electrostatic complex. The location of the two binding domains o Ras been probed by photoinduced
interprotein electron transfer (ET) between zinc-substituted horse cytochordi@@Cc) and GP with
surface charge-reversal mutations and by isothermal titration calorimetry (ITC). These results, which are
the first experimental evidence for the location of domain 2, indicate that the weak-binding domain includes
residues 146150 on @P. GcP(E290K) has a charge-reversal mutation in the tight-binding domain, which
should weaken binding, and it weakens the 1:1 comiaxdecreases 20-fold at 18 mM ionic strength.

We have employed two mutations to probe the proposed location for the weak-binding domain on the
CcP surface: i) D148K, a “detrimental” mutation with a nett) change in the charge ofc€, and {i)

K149E, a “beneficial” mutation with a net{2) change in the charge. The interactions betweercked
CcP(WT and K149E) also have been studied with ITC. Tl®®148K) mutation causes no substantial
change in the 2:1 binding but an increase in the reactivity of the 2:1 complex. The latter can be interpreted
as a long-range influence on the heme environment or, more likely, the enhancement of a minority subset
of binding conformations with favorable pathways for ETCRGK149E) has a charge-reversal mutation

in the weak-binding domain that produces a substantial increase in the 2:1 binding constant as measured
by both quenching and ITC. For the 1:1 complex @PQNT), AG; = —8.2 kcal/mol K; = 1.3 x 1P

M~1), AH; = +2.7 kcal/mol, and\AS; = +37 cal/K-mol at 293 K; for the second binding stad®, < 5

x 10® M~1, but accurate thermodynamic parameters were not obtained. For the 1:1 compleR-of C
(K149E),AG; = —8.5 kcal/mol Ky = 2 x 10° M~1), AH; = +2.0 kcal/mol, andAS, = +36 cal/K:mol;

for the second stage\G, = —5.5 kcal/mol K; = 1.3 x 10* M71), AH, = +2.9 kcal/mol, andAS, =

+29 cal/K-mol.

Cytochromec peroxidase (€P)! catalyzes the two-electron instead of a small molecule, and this fact combined with
reduction of hydrogen peroxide to water by ferrous cyto- the early solution of the crystal structure at high resolution
chromec (Cc) (eq 1) In this process €P reacts with HO, (4) has made it the prototypical system for the study of

interprotein electron transfer (ET%{7). Nonetheless, the

2Fé"Cc+ H,0,+ 2H" — 2Fe**Cc + 2H,0 (1)  ET mechanism still is not understood in detail.
Interprotein ET between ¢ and @ was originally

to form compound ES1), which is a compound | that assumed to occur through a tight-binding complex with 1:1
contains 1 oxidizing equivalent on the heme, in the form of stoichiometry, such as was revealed in a key X-ray struc-
an Fé=0 species, and one as a cation radical on tryptophanture @). However, although there has been disagreement
191 (Trp 191) 2, 3). CompoundESthen reacts sequentially ~ (8—10), we have shown that¢® can bind € at two distinct
with two molecules of F&Cc, reduced first to compound domains, one of which undoubtedly involves the surface area
I1, in which either the heme or the Trp can be reduced, and Vvisualized in the crystal structure, and that a 2:1 complex
finally back to the ferric resting state (eq 2)cRis the only ~ can form over a range of ionic strengtrisl{-13). In our

approach zinc is substituted for the iron in cytochroee
CcP-I(Fé"=0, Trp" *) — [CcP — II(Fe""=0) = allowing us to phototrigger the ET event, as shown in eq 3.

CeP-II(Trp" )] = CoP(FE) ) 7 pécop ™ S(znP)cr, Fé Cop -

peroxidase to obtain its reducing equivalents from a protein (ZnP)" *Cc, F€"CcP (3)

) The triplet excited state of Znis quenched by PéCcP
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A " (i) E290K, a glutamate— lysine mutant created to weaken
) CcP o the binding at domain 1 and at a residue that has been shown
s to be crucial to domain 1 binding in other mutagenesis studies
(18); (ii) D148K, likewise created in order taveakenthe
binding to domain 2; and (iii) K149E, a lysine glutamate
mutation, in contrast, designed tmhten the binding to
domain 2, as the positively charged lysine very near the
‘ proposed domain 2 could only be detrimental to binding a
D ‘ positively charged € We have used each of theseRC
A7 ‘ mutants as quenchers f@nCc in order to measure the effect
of the surface mutations on the binding and reactivity at both
domains. To complement the kinetics measurements, we have
employed isothermal titration calorimetry (ITQ2) as an
independent measure of the binding for theP@c com-
plex, thereby revising the conclusions of earlier work by
others 0).

putative
Domain2 -

EXPERIMENTAL PROCEDURES

Protein Preparation Cytochromec (type VI, horse heart)
obtained from Sigma Chemical Co. was purified on a CM52
cation-exchange column28) before use in calorimetry
experiments. Zinc-substituted cytochromevas prepared
from horse heart cytochrome according to published
proceduresZ4, 25. Recombinant cytochromeperoxidase
Ficure 1: (A) Wire-frame diagram of cytochrome peroxidase [CcP(MKT)] and the variants EP(E290K), @GP(D148K),

(CcP) with the heme shown in black. Locations of the two binding : .
domains are indicated with arrows. (B) Space-filling model oPC and @P(K149E) were prepared and isolated as described

oriented to show domain 2. Charged residues are labeled; lysines€lsewhereZ6; J. Bujons, E. Lloyd, M. R. Mauk, and A. G.
are black, aspartates and glutamates are gray. Mauk, manuscript in preparation).cB(MKT) is a recom-

binant form that varies in sequence from the bakers’ yeast
through a long-range electron-transfer process, transientlyCcP only at the N-terminus, where the residues MKT have
yielding ferrous €P and the Zn-porphyrin cation radical, been added. Previous constructs denoted as MKT have had
(ZnP)" * Cc. Because the Fe— Fe?" heme reaction is being  errors in the sequence (D152G and T53I), which have been
observed in €P instead of the physiological Fe=0O — Fe** corrected in the €P(MKT) and in all the variants studied
redox reaction, the tryptophan 191 cation radical is presumedhere.
not to be involved. Thus, necessarily, our experiment looks  p|| potassium phosphate buffers were prepared with
only at the direct hemeheme ET reaction, a simplification Milli-Q H,O (resistivity = 18 MQ-cm). Fé*Cc was
that eliminates complicating questions, such as whether thegychanged into 10 mM phosphate buffer prior to use in
ET between the two €P redox centerslé4—17). phosphate buffer and diluted into 10 mM phosphate just prior
The X-ray structure of the 1:1 complex, wittc@ound at to use in quenching experiments. In most case® @as
a location denoted domain 1, was interpreted as correlatingstored as a crystalline suspension at 77 K and dissolved
the operative surface interactions between the two proteinsfreshly on the day of the experiment. Deviation from this
with an electron-transfer pathway involving Trp1%),(and procedure, such as use of the same stock solution for several
some examinations of the physiological reaction kinetics have experiments, led to inconsistent results. Protein concentra-
shown that the Trp* of compoundES is reduced firstX0). tions were determined optically on a Hewlett-Packard 8451A
Site-directed mutagenesis also has been important in iden-diode array spectrophotometer ¢F€c, €410 = 106 mM™
tifying the negatively charged contact residues af @hat cmtoresz =11 mMt cmY; ZnCc, €423 = 243 mMt
are most crucial to binding to domain 1§, 19. As to the cmloresso=15.5 mMtcmL; CcP, €408 =98 mM 1 cm?
second region that can bindcCdenoted domain 2, early  or esopg = 11.4 mM cm™?).
Brownian dynamics simulations by Northrup et aRO( Kinetic Measurementa\ll quenching measurements were
suggested the possibility of binding near residue 148af,C  carried out with samples of 18 mM ionic strength (jKB
but no experimental evidence has addressed this question g mm), pH 7.0. These samples were prepared in the dark;
directly. As can be seen in Figure 1A, such a location for 2 o mL of phosphate buffer containing an initial amount of
domain 2 would put it close to thec® heme, and in fact  znce (2—204M) was purged slowly with nitrogen for 1-52
we found that domain 2 is much more reactive for direct _stock solutions of € and Zn@ were also gently purged
heme-heme ET between ZnCand @P than is domain 1,  with nitrogen. Following verification of the intrinsic decay
consistent with such a proposa1j. constant for3ZnCc at the initial concentration, reverse
We here report additional evidence about domain 1, and titrations were carried out by first adding a fixed amount of
the first experimental evidence as to the location of domain CcP (10-13 uM) followed by several increments of ZrC
2, obtained through the study of three charge-reversal surfacelypically only 3—6 data points for a titration were collected
mutants of €P, two of which are in the putative domain 2: with one sample to minimize sample degradation.
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The 532 nm output of a NdYAG pulsed laser (Con- titration of Fé*CcP by ZnQ there is a nonzero value for
tinuum, YG660A) acted as the excitation source for £nC  the Ak intercept as [Zn€] — 0, and this quantityAky, given
A tunable polarizer (CVI Laser Corp.) reduced the incident by eq 5, was used to eliminate the 1:1 binding conskant
power to 6 mJ/pulse to minimize degradation of the ZnC  as a fitting parameter, as has been discussed in previous work

The sample was maintained at 2Gt00.1 °C in a water- (12):

jacketed sample block. The decay of the triplet excited state

of ZnCc (3ZnCc) was monitored at 460 nm by transient _ kK[CcP], 5
absorption techniques; the probe light source (a 250 W T 14+ K,[CcP], (5)

tungsten halogen lamp) was passed through pre- and post-

sample monochromators (Jobin Yvon). The data were We have shown previously that reverse titrations of bakers’

collected with a LeCroy Model 9310 digitizer; the 50 000 yeast @P with ZnC: at low ionic strength give a charac-

raw data points obtained were logarithmically compressed teristic “rise-and-fall” behavior (maximum ik for [ZnCc]

to 3000 points for analysis. Typically between 2 and 5 = 0) from which binding and reactivity constants footh

progress curves were averaged, and sometimes a single shahe 1:1 and 2:1 complex can be obtain@8)( The reverse

was adequate; the signal-to-noise ratio was quite good andquenching titration with recombinantc® (Figure 2A) gives

minimal averaging prevented degradation of the ZnC results comparable to those for bakers’ yeas® (12). The

3ZnCc decays exponentially in the absence and presence ofassociation constant for the 1:1 complé, is the same

quencher (€P), and these decays were fit to a single within experimental error, 8.4 (8x 10° M~ for bakers’

exponential to obtain the decay rate const&pio) yeast @P and 7.5 (4)x 10° M~ for recombinantK, did
Calorimetry Measurementssothermal titration calorim-  not change within the substantial experimental error, 4300

etry was carried out on a Microcal ITC titration calorimeter M~! — 7000 M™%; k; decreased slightly, from 38%to 27

(Microcal, Inc.). The sample cell (volume 1.34 mL) s 1 andk; decreased roughly 2-fold, from 770%sto 380

contained a 4650 uM CcP solution; the reference cell s™! (Table 1).

contained distilled, deionized 8. A 1 mM FeQ solution The parameters above describe the two thermodynamic

was placed in the automated injection syringe and titrated binding steps, €P + Cc — CcP:Cc and @GP:Cc + Cc —

in 20 injections of 10 or 12.%L. The syringe spun at a  CcP:Cc,. However, our goal is to obtain the microscopic

constant rate of 400 rpm to thoroughly mix the solutions binding and reactivity parameters for the individual binding

and injections were made every 480 s. The temperature overdomains, as defined in Scheme 1, which are related to the

the course of an experiment changed by less tharf©;1  stoichiometric parameters by eqs @:

the external temperature bath was maintained &tCland

the calorimeter thermostat at 2@. All experiments were Ky =Ky Ky (6)

carried out at 18 mM ionic strength ([KP= 10 mM), pH — —

7.0. A control experiment, in which is titrated into 10 KaKo = Kaolso = Kol O

mM phosphate buffer, was performed in all cases to correct 10 2 Kao

for the heat of dilution of the protein, which approaches zero k= k? + k? (8)

over the course of the titration. 1 1

_ 1,2

RESULTS ke ="K+ K ©)
Quenching offZnCc by CcP(MKT) The photoinduced ~ Of the four domain binding constants, only three are

electron transfer (ET) betweé@nCc (horse) and recombi-  independent, thus the domain constants cannot be determined

nant cytochrome peroxidase [EP(MKT)] has been studied ~ exactly @9). Nevertheless, it is possible to use these
by measuring the quenching #8nCc as monitored at 460  relationships to interpret the quenching titrations (see below).
nm. In the absence of quench&nCc decays exponentially Quenching of¥ZnCc by CcP Variantsin the reverse
with an intrinsic decay rate constantkf = 67 + 3 s%, a titration with the mutant @P(E290K), which contains an un-
rate that is independent of Zo@oncentration over the range ~ favorable charge-reversal mutation in the tight-binding do-
studied. When quencher is present(f@eP), the decay rate ~ main, Ak decreases monotonically with the addition of the
increases to a value denotiegs but the traces remain expo- ZnCc photoprobe (Figure 2B). This means that, unlike the
nential, indicative of rapid exchange (data not shown). Sub- Wild-type protein, the mutant shows only 1:1 overall binding.
tractingko from the observed decay rate constdgty gives ~ The titration was fit to eq 4a for 1:1 binding)( giving K,

the quenching rate constank (Ak = kops — kp). Reverse [ZnCc:CcP]

titrations, in which the probe (Zng is titrated into the Ak= k=== L f
quencher (€P) (5, 12), were carried out at [P(MKT)] = ' [zZnCd], v
11.5uM and [ZnC] = 1-70 uM. The titration was fit

to equations for a 2:1 binding model with rapid exchange = 3.8 x 10* M~*andk; = 260 s* (Table 1); eq 5 forAk,
(5), eq 4, was used as a constraint as described above. The stoichio-

metric binding constant for the 1:1 complé&, is reduced
[ZnCc:CcP] 2[(ZnCc),:CcP] 20-fold by the replacement of glutamate 290 with an
Ak = ky [ZnCc] 2 [ZnCq] = kify + kf, unfavorable positive charge; the second binding step has
0 0 (4) become too weak to observe under the experimental condi-
tions.
wheref; (i = 1, 2) is the fraction of Zn€ bound and; is Despite this loss of the second thermodynamic binding
the reactivity constant of the 1:1 or 2:1 complex. In a reverse step, the reactivity constark, is increased 10-fold by the

(4a)
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weakly binding domain. Specifically, by use of eqs&and

40 | A with the assumption th&,o is approximately unchanged,
o e WT the fraction of 1:1 complexes withddound in domain 2,
given by the ratioK,o/K3, increases from at least 0.01 for
20 b WT CcP to at least 0.2 for the mutant, and thus the high
reactivity of domain 2 (large value 8K) contributes more
significantly (eq 8).

Two charge-reversal mutations in a possible region for
80 B the weak-binding domain also have been studied: D148K,
which would be expected tweakerthe binding, and K149E,
which wouldtightenthe binding. The reverse titrations for
40 1 both these mutants are shown in Figure 2C. The D148K
titration demonstrates the shallow rise-and-fall behavior of
the wild-type protein, while the K149E titration is consider-

' : : : ably different: the quenching is greater, and the peak at

C [ZnCc]/[CcP] = 2 is much sharper. Stoichiometric binding

and reactivity parameters were extracted from these titrations

through the use of egs 4 and 5.

D148K For D148K,K; appears to be slightly less than for WT

CcP [5.5 (2)x 1 M~tvs 7.5 (4)x 10° M™%, respectively

(Table 1)]; the error in the value fdf; is too large to tell

00 2'0 4'0 6'0 slo with certainty if it is changed. The reactivity constant of the
1:1 complex is approximately 50% greater and that for the

[ZnCe] (UM) 2:1 complex is approximately 2-fold greater with D148K

than with the WT protein.

Ficure 2: Reverse quenching titrations ot with ZnC. (A) For the K149E mutantK; is little changed while the

WT; [CcP(MKT)] = 11.5 uM. (B) Domain 1 mutation; [€P- s ; .
(E290K)] = 12.84M. (C) Domain 2 mutations; D148KE) and binding constant for the formation of the 2:1 compl&,
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K149E (a). [CcP(D148K)]= 12.4uM, [CCP(KL149E)]= 10.54M. is 6-fold greater_ th_an it i; with WT €P, as anticipated.
All experiments are at 18 mM ionic strength, pH 7.0, 20@ Further, the stoichiometric reactivity constant of the 1:1
complex is significantly higherk{ = 61 s %), reflecting the
Table 1: Binding and Reactivity Constants from ZWCcP increased contribution of 1:1 binding at domain 2 to the
Quenching Titratiorfs reactivity. The reactivity constant of the 2:1 compl&x,is
CcP unchanged by the mutation within experimental error. This
variant  K; (M9 ki (s} Kz (MY ke (s7Y) is expected if the mutation enhances the binding affinity of
bakers' 8.4(8)x 10° 38 (4) 4(D)x 1 7.7 (8)x 107 domain 2 Ko, without affecting the reactivity constants for
yeast either domain.
'I\EA;QBK 7§58(??2)§ ig 2‘23-2 ((;‘))X - 7(@2x 10 38(8)x 1¢? Titration Calorimetry Figure 3A shows the incremental
D148K 55 2)x 16° 36.6 ) 5@x 10 7(2)x 10 calorimetric titration of F& Cc (ho_rse) into F&"CcP(MKT)
K149E 1.0 (2)x 10F 61 (2) 4.3 (B)x 10 3.3 (2)x 10 at 10 mM phosphate, pH 7. In this experimentcniia =

a Stoichiometric constants are obtained from fits of the reverse 40 uM and & is tltrate.d tp almost a 4:1 ratio. These data
titrations to eqs 4 and 4a. Errors in the last digit of each constant are &€ corrected for the dilution ofcnto 10 mM KR buffer.

given in parentheses. The error bars shown in the inset are based on the error in
the raw peak area due to baseline noise.
Scheme 1: Representation of Binding at Two Interacting The calorimetric titrations were fit by standard Marquardt
Domaing methods 80) to two models provided in the software of the
i manufacturer Z2). In a one-site model for the binding of
Cc by CcP, the total heat absorbe@, upon adding €, total
V‘\KA K concentration [€]t, to CcP at a total concentration fB},

@\k‘ is given by

I
A\

K, —
Q‘ Q = nV,[CcP}FAH (10)
aCcP is an ova_ll, the filled circles_ are _ocqupied bir}ding domains, whereV, is the active solution cell volume) ~ 1 is the
and the unfilled circles are unoccupied binding domains. number of binding sites\H is the molar enthalpy of binding,

. . andF is the fraction of [@P]; with a Cc bound:
mutation. This is easy to understand when one recalls that

the first binding constank,, reflects the formation of both K,[CC]
types of 1:1 complexes, one with Zn®ound at domain 1 - prriee
and the other with Zn€bound at domain 2 (eq 6). In the 1+ Ky[CCliree

present case, the stoichiometric reactivity constant of the 1:1
complex, ks, increases 10-fold because a larger proportion For an alternate model with twindependensites, denoted
of the 1:1 complexes have Zn®ound at the highly reactive, o andp, the heatQ, is given by
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3

Table 2: Binding and Thermodynamic Constants Obtained from
FeQ/CcP Titration Calorimetry
- CcP variant MKT K149E
22 K1 (M™1) 1.3 (6)x 10° 2(1)x 100
= AG; (kcal/mol) —-8.2(3) —-8.5(3)
g AH; (kcal/mol) +2.7 (3) +2.0 (2)
= AS; (cal/K-mol) +37(2) +36 (2)
£, Kz (M1 <5x 1 1.3 (3)x 10
g AG; (kcal/mol) >—5 —5.5(1)
AH, (kcal/mol) +2.9 (6)
AS (cal/K-mol) +29(2)
a Constants are obtained from a fit to eq 11 followed by conversion
s L B to stoichiometric constants with egs 13 and 14. Errors in the last digit
of each constant are given in parentheses.
5 unconstrained 2:1 model (eq 4). Similarly, the enthalpies of
@ K149 eq 11 are “ghost-site” enthalpies; the unconstrained stoichio-
E N metric enthalpies for the first and second binding steys,(
3 'r and AHy) can be calculated by
2 K K K K
3 o B B o
AH, = AH_—+ AH — AH, = AH_— + AH,;—
' *Kq 5K1 ? Ky ﬁK1
0 1 [ 1 (14)
0 ! 2 3 4 The fit to the 2:1 binding model (eq 11) is shown as a
[Fe**Cc]/[Fe**CcP) solid line through the data in Figure 3A, and the fitto a 1:1

FIGURE 3: Incremental calorimetry titrations ofd® with Fé+Cc. binding model (eq 10) is shown as a dashed line. The 2:1

(A) WT; [CcP(MKT)] = 40 uM, 20.44°C. Solid line is a 2:1 fit,
dashed line is a 1:1 fit. (Inset) 2:1 fit), 1:1 fit (- - -), and error
bars based on noise level of raw data are shown. (BP(K149E)]

= 52 uM, 20.90 °C. Solid line is a 2:1 fit to the data. All

experiments are at 18 mM ionic strength, pH 7.0.
Q = V,[CcP}(n,F,AH, + nﬁFﬁAH ,3) (1))

Ko[CClfree Ks[CcClfree

(12)

model clearly provides a better fit to the data in the region
where binding of the secondcGvould contribute, namely,
where @ is in excess over € (Figure 3A, inset). The
intrinsic parameters for the first binding step are determined
with reasonable precisiolK[ = 1.3 (6) x 10° M~*andAH;

= 2.7 (3) kcal/mol; Table 2] and agree well both with the
guenching measurements described above and with previous
calorimetry experiments by Erman and co-worké)s {vho
foundK; = 1.5 (5) x 10f M~ and AH; = 2.05 (5) kcal/

“ 1+ Ka[CC]free A 1+ Kﬂ[CC]free

mol at pH 6 and 20 mM ionic strength. The binding constant
wheren = n + ny & 2, n, = n ~ 1, andF, andF; are the and enthalpy were used to calculate the free energy and
fractional occupancies of the two sites. In both modals, ~€Ntropy for the first binding stepAG, = —8.2 (3) kcal/mol
values were allowed to float in the fitting and typically did and Asl N +37.(2) cal/kmol at 293'6 K. Thps, thg f!rst
not deviate more than $015% from unity. A calorimetric ~ inding step, with € bound primarily at the tight binding
titration data set consists of differential heat changes, the 90main, is dominated by a large favorable entropy. Because
changes in heat content from the completion of ithe 1 the second t_)lndlng step is quite weak and the concentrations
injection to the completion of thieinjection, denotedQ(i). Pf the proteins are relatively low, the 2:1 fit does .no_t gve
As a result, it is the differentiated forms of eqs 10 and 11 ndependently reliable values &, andAH,; the statistical

with respect to [] that are relevant for comparison with correlation betwepn 'these parameters is close 'to unity, and
experiment. thus many combinations of these parameters give good fits

This two-site model nominally addresses the special casel© the data. Only an upper boundéf < 5 x 1QB.M : can
of independent binding at two noninteracting sites. However, be placed on th.e binding parametést; is positive but is
the binding of two @ to CcP is likely to be correlated not .weII determined. . C
because electrostatics play a large role in complexation.  Figure 3B shows the calorimetric titration of ¥€c
Fortunately, the model also can describe a system with (NOrse) into the mutant FeCcP(K149E) at 10 mM phos-
interacting sites. To do so, the two binding parameters thatpha_‘te' pH 7. In this eXp_e“m?“L [K149'Ei]a' = 52uM, a_nd
are generated by eqgs 11 and X2, @ndKj) are treated as Ccis added up to a 3.5:1 ratio. As.wnh the WT protein, the
“ghost-site” binding constant81). Such ghost parameters, data has _been .corre_cted for the titration af iato buffer._
which have no physical relevance, are combinations of the The titration with this mutant again reflects 2:1 b!ndlng
physically meaningful parameters for the two physical sites (F19ure 3A), and for both WT and K149Ecg, the regions
given by eq 13. This analysis allows for cooperativity and Where [®/[CcP] < 1 are similar, showing areas of saturation
indicating a tight 1:1 complex. However, at higher ratios the
Ky =Ky +Kg KK, = KoKp (13) titration with the K149E mutant is quantitatively different
from the titration with WT @P: the shallow decline inQ
site—site interaction. In the case where the binding at one for [Cc]/[CcP(K149E)]> 1 reflects a far larger contribution
site is much tighter than the other, this procedure gives realto the evolved heat from the 2:1 complex than for the WT
(not imaginary or complex) stoichiometric constants for the CcP.



Locating the Second Binding Domain orci Biochemistry, Vol. 39, No. 33, 200@0137

A 1:1 binding model is completely unable to describe the important to note that 1:1 binding with a binding constant
K149E data. Table 2 contains the parameters obtained fromon the order of 18-10° M~! cannotgive a measurable
the fit to the 2:1 binding model described in eq 11 after amount of heat in the portion of a titration where S in
conversion from ghost constants to stoichiometric constants.excess. Since the heat released in this region indeed is
The calorimetricK; agrees within experimental error with ~ significantly different from zero outside of all possible
that measured by excited-state quenching. The vidlue experimental error, the measurement unambiguously con-
1.3 (2) x 10* M~1is significantly greater than that measured firms the formation of a 2:1 complex at pH 7. In previous
for WT by either quenching or calorimetry; thus, replacement studies, Erman and co-worke®) (vere unable to detect the
of the lysine residue 149 by a glutamate tightens the binding presence of the 2:1 complex at pH 6. This likely is not a
of Cc to domain 2 and thereby stabilizes the 2:1 complex. disagreement, because previous work in our laboratory
The binding enthalpies measured for the K149E mutant are showed that €P and @ bind more weakly at lower pHL().

AH; = 2.0 (2) kcal/mol and\H,; = 2.9 (6) kcal/mol, which More recent ITC measurements by Wang and PieB# (
lead to the following free energies and entropies of binding: have shown 1:1 binding in the physiological yeast-@east
AG; = —8.5 (3) kcal/mol and\S; = +36 (2) cal/k:mol for CcP complex, but they state thatka < 10* M~* would be
the first binding step, andG, = —5.5 (1) kcal/mol and undetectable in their experiment, and thus their results and
AS = +29 (2) cal/kemol for the second step. Again, both ours are compatible.
binding steps are dominated by positive entropy changes. The titration calorimetry experiments do not deterntie
with precision because the maximum product of the con-
DISCUSSION centration of @P (40 uM) and the approximate binding
constant (5x 10° M) is only Kq[CcP] ~ 0.2, which is not
high enough to produce enough 2:1 complex to meakure
accurately. Indeed, one of the reasons that weak binding has
been difficult to detect is that many experiments, including
many of our own, are carried out at concentrations-e16

We have examined the binding of cytochromé CcP
by measuring quenching é&nCc by CcP(MKT) and directly
by isothermal calorimetry. Previous studies afFCin our
lab used CP isolated from bakers’ yeast. Here we used the

recombina(rj]t protein @ (MKT) in Whli.Ch tTe sequencesrrors uM, to make optical measurements easy. Current work in
D152G and T53I present in an earlier clonetPhave been o, a1 inyolving the myoglobincytochromebs complex

corrected £6). We note that residue 152 is near the proposed o5 getected weak binding definitively at millimolar con-
location of the weak binding domain (Figure 1) and that the . irations (M. Jiang, Q. Ning, and B. M. Hoffman

repl_acement Of. the a_lsp_artate with a _gl_yc.ine could be manuscript in preparation), and calorimetry studies at higher
dgtnmental to either blndlng_ or ET react|V|ty,_fu_ture work  .oncentration ([€P] ~ 0.5 mM) will be reported in due
will attempt to address this issue. Thus, it is perhaps .4 e

significant that these sequence errors are present in the
versions of €P used by many researchers in the last several
years, in particular in work that challenged the significance
of the 2:1 complex 10). Clearly, one should be cautious

when comparing data from authentic and recombinant

proteins when there ar&nown sequence errors in the oy tations that was most detrimental to domain 1 binding,
recombinant protein. as measured by both steady-state kinetics and calorimetry.
The published reverse titration between Zr{Borse) and | the present work, we have examined the charge-reversal
bakers’ yeast €P at 10 mM phosphate, pH 12), has been  mutant E290K, which has a net unfavorable charge change
repeated here for the recombinantREMKT) (Figure 2A)  of 42, This mutation causes a 20-fold decreas&jrand
and the results are very similar. Both the binding constant apolishes detectable 2:1 binding (Figure 2B). Recall that
for the 1:1 complexK1) and that for the 2:1 complexg) 2:1 binding is dependent on the bindinglaith domains,
are essentia”y UnChanged within eXperimental error. The and thus, as observed focﬂDB?K) (19), when the b|nd|ng
reactivity constants of both types of complex are slightly for both domains 1 and 2 is weak, not enough 2:1 complex
decreased for recombinantle over authentic €P; k; is forms in this concentration range to be observable. The
decreased by approximately 2-fold. However, the reactivity gpparentlyanomalous effect of the 1:1 complex reactivity
constant of the 2:1 complex is still at least 10 times  increasing 10-fold occurs because a larger percentageRof C
greater than the reactivity constant of the 1:1 complek ( molecules have €bound at the more-reactive domain 2 (eq
The results show that for our experiments the bakers’ yeastg Scheme 1).
and MKT GcP are experimentally interchangeable, though |t is interesting that this single charge-reversal mutation
not completely indistinguishable. in domain 1 has such a large detrimental effect on the
The complex between ®(MKT) and Fé"Cc also was binding, because the Brownian dynamics simulations of
studied by titration calorimetry. As shown in Figure 3A, the Northrup et al. 20) show many possible conformations of
2:1 model fits the calorimetric data in the region whei® C the complex in the domain 1 region, and thus one might
is in excess, as can be seen best in the inset to Figure 3Ahave expected that the charge reversal at position 290 would
with K; = 1.3 (6) x 1 Mt andK, < 5 x 10° ML K; simply cause the €to reposition itself, binding in an
and the upper bound fdt, obtained from ITC at pH 7 agree  alternate geometry involving other negative residues in the
well with the results from the quenching measurements domain. We infer that the E29(K73 salt bridge between
described above. Both binding steps are enthalpically unfa-CcP and @ indicated in the crystal structur@)(is crucial
vorable AH; = +2.7 kcal,AH, > 0), and are dominated to achieving the proper complex orientation for ET and thus
by favorable entropy changeA$ = +37 cal/K:mol). It is precludes this option.

Domain 1 Mutation, E290KMany studies have been
performed with mutations in the tight-binding domain, and
its location has been well mapped by a number of techniques
(18, 39. In particular, the charge-neutralization mutant
E290N studied by Miller and co-worker8%) was one of
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Domain 2 Mutations, D148K and K149Ehe Brownian Table 3: @P(MKT) Domain Constants at Two Limits
dynamics simulations by Northrup et aR(Qj also showed

several potential docking locations foc6n the side of CP domain constant zero cooperativity fimit_ E290K limit
opposite from the well-established domain 1, in the vicinity ﬁm (m:? ;-4 Xléos Z; x ig
of Asp 148. We have employed two mutatioEls to probe t”his Kig EMﬂ; 7.ZX 106 1:9§ 10
region of the @P surface: (i) D148K, a “detrimental K1z (M~1) 7 % 108 7.3 % 10°
mutation with a net2) change in the charge ofc, and K(sh 235 14
(i) K149E, a “beneficial” mutation with a net{2) change ZAkés’l) ccalimol 368 170080
in the charge (Figure 1). oop (KCal/mol) :

The binding constant for the 1:1 complex of ®ith CcP- aDomain constants are calculated from stoichiometric constants by

use of egs 69.

(D148K) is slightly reduced, but even with the large errors
(Table 1), it is clear that the D148K mutation does not have
the drastic effect on domain 2 binding that E290K has on smaller than that measured by quenching titration (4.3
domain 1. Thus, théinding result does not support the 10* M~1), binding is substantially increased in either experi-
hypothesis that D148 forms part of the second domain. On ment. Enthalpies for both binding steps were obtained for
the other hand, recall that the reactivity constant of the 2:1 the K149E mutant. The enthalpies for both binding steps
complex is actually twice as high for the D148K vs WERG are unfavorableAH > 0), with that for the second binding

so the mutation is not without a significant effect. Bujons et step,AH, = 2.9 kcal/mol, being more unfavorable than that
al. (manuscript in preparation) have shown usiHgNMR for the first, AH; = 2.0 kcal/mol. As with WT @P, binding

that several heme resonances are perturbed in the D148k CcP(K149E) in both domains is dominated by a favorable
mutant. This long-range influence on the heme environment entropy term. This is typical for proteirprotein interactions
could account for the increase in herteeme ET rate.  and is explained by the expulsion of water molecules from
Alternatively, the loss of the negative contact with D148 the surfaces of the proteins during binding, which increases
might enhance a minority subset of binding conformations the entropy 81, 38.

with favorable pathways for ET, without a substantial change  pymain Parameters for CcP(MKT)he measured sto-

in affinity (36). Figure 1B shows that there are several other ichiometric binding and reactivity constants focand @
negative residues in the vicinity of the putative domain 2 can be used to set limits on the six domain constants (egs

that may be more crucial to binding, such as residues 2216_9 Scheme 1)29, 39, 40, and these limits are narrowed
and 224, which were shown in surface modification experi- by a few reasonable assumptions. First, we assume that at

ments by Bechtold and Bosshar87) to be involved in low ionic strength it is harder to bind a second molecule of

binding. : .
: Cc when a first molecule is already bounid,{ = K,; and
The K149E mutant was constructed in an attempt to Kz = Kip). This is reasonable given that at low ionic

tighten the binding in domain 2. Lysine 149 sits in the middle strength, where shielding by solvent ions is minimal, there

of several negative residues in the proposed domain 2wiII be some repulsive interaction between tworGolecules.

I(?:?agfeni)alrflfjhi';sn%te;?gfﬁ;ag gt?(l% hzr;f]g;robr:rlﬂg]ﬂ trpa);icc):n Second, we assume that a mutation in one domain will have
9 ' 9 no measurable direct effect on the binding and reactivity in

with ZnCc (Figure 2C): K, increase$-fold over WT &P, the other domain, which is on the opposite side of the protein.

while k Increases more than 2-fqld. The_ Increasekin For example, we can assume that the E290K mutation in
reflects the increase in the weak-site binding constant (Seedomain 1 does not change parameters for domaiagand
below). Just as with the E290K mutant, the increade is % (Scheme 1). We do n%t rF\)eed to assume the same for the
caused by a change in the relative reaction contribution in a . L . e

domain 2 mutations because the resulting limits on the

1:1 complex with ZnC at domain 1 vs domain 2 (the domain parameters correspond to positive cooperativit
partition betweenk and?k), but in this case the contribution nain para P POS P Y,
which is eliminated by the first assumption.

from domain 2 increases becaukg, (domain 2 binding
constant) is increased by the mutation, rather than because The permitted values for domain constants, which cannot
K10 (domain 1 binding constant) is decreased (eq 8). The be known exactly, were determined from the stoichiometric
reactivity constark,, which is simply a sum of the reactivity ~ binding and reactivity constants from quenching measure-
constants of the two domains, is unchanged (eq 9). This factments (Table 1), as constrained by the above assumptions,
suggests that we have in fact enhanced the binding at anand are given in Table 3. For WTc, the reactivity constant
already existing domain as opposed to creating a new bindingof domain 1 is low {k = 14-24 s%), while that of domain
domain. The results for this mutant clearly support the 2 is over 10-fold higher’ = 360-370 s). The binding
hypothesis that domain 2 is located in the proposed regionconstant for a €at domain 1, but with domain 2 empty, is
shown in Figure 1. This conclusion is corroborated by the Kio= (7.2—7.4) x 10° M1, while with a & already bound
potentiometric titration results of Bujons et al. (manuscript at domain 2 it could be as low d&; = 1.9 x 10° M.
in preparation). Using yeastcGnstead of horse, they saw  Similarly, the binding constant for domain 2 with domain 1
not only tighter 2:1 binding with K149E but also weaker empty isKz = (1—3) x 10* M1, while with a & already
2:1 binding with D148K. bound at domain 1 it can be no greater than 9.70* M.

The quenching measurements are supported by titrationFrom the range of domain binding constants, we can place
calorimetry. Both techniques (i) show 2:1 binding for WT limits on the AG of binding cooperativity AGcoop Thus,
and K149E @P and (ii) show that the K149E mutation assuming binding cooperativity is negative, the free energy
enhances binding to domain 2 significantly. Although the penalty paid for binding a secondc@vhen one is bound
value forK, measured by calorimetry (1.8 10* M71) is already can be no more thairD.8 kcal/mol.



Locating the Second Binding Domain orci

SUMMARY

We have shown in this work that (i) the binding o£C
and ET reactivity of recombinantd®(MKT) are similar to
those of bakers’ yeastdP in the reaction with Zn€ (ii)

2:1 binding is detected for WT ¢ both by ET measure-
ments and by titration calorimetry, which is independent of
the measure of reactivity; (iii) the “unfavorable’tE charge-
reversal mutation E290K drastically weakens the binding to
domain 1, consistent with previous findings; (iv) the D148K
mutation has little, if any, effect on domain 2 binding but
increases reactivity; (v) the K149E mutation tightens the
binding to domain 2, providing the first direct identification
of a residue near the weak binding domain; and (vi) the rate
constant for reactivity in the 2:1 complek,) is unchanged

in the K149E mutant, although the binding is tighter, which
indicates that the location and orientation o€ Gn the
domain 2 surface is similar. Thus, domain 2 comprises a
region that includes residue 149, in the region where the
heme of @P is closest to the surface of the protein.
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