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Abstract: Effects of pH on protein association are not well understood. To understand them better, we combine
kinetic experiments, calculations of electrostatic properties, and a new theoretical treatment of pH effects. The
familiar proton-linkage model, when used to analyze the dependence of the association dérsigpit],

reveals little about the individual proteins. We modified this model to allow determination not only of the
numbers of the H ions involved in the association but also of th€walues, in both the separate and the
associated proteins, of the side chains that are responsible for the dependéraremfi. Some of these side
chains have very similarify values, and we treat them as a group having a compadsiteglue. Use of these
composite |, values greatly reduces the number of parameters and allows meaningful interpretation of the
experimental results. We experimentally determined the variatiéhinfthe interval 5.4< pH < 9.0 for four
diprotein complexes, those that the wild-type cytochrazmferms with the wild-type plastocyanin and its
mutants Asp42Asn, Glu59GIn, and Glu60GIn. The excellent fittings of the experimental results to the modified
model verified this model and revealed some unexpected and important properties of these prototypical redox
metalloproteins. Protein association causes a decrease iK{kalpes of the acidic side chains and an increase

in the @K, values of the basic side chains. Upon association, three carboxylic side chains in wild-type plastocyanin
each release a'Hon. These side chains in free plastocyanin have an anomalously high compGsitalye,

~6.3. Upon association, five or six side chains in cytochrapiikely those of lysine, each take up alibn.

Some of these side chains have anomalously Iy \@mlues, less than 7.0. The unusué#fl;values of the
residues in the recognition patches of plastocyanin and cytochcomay be significant for the biological
functions of these proteins. Although each mutation in plastocyanin markedly, and differently, changed the
dependence oK on pH, the model consistently gave excellent fittings. They showed decreased numbers of
H* ions released or taken up upon protein association and altered comgésitelpes of the relevant side
chains. Comparisons of the fitted composit€;pralues with the theoretically calculatepvalues for
plastocyanin indicated that Glu59 and Asp61 in the wild-type plastocyanin each releasenaidon association

with cytochromec. Information of this kind cannot readily be obtained by spectroscopic methods. Our
modification of the proton-linkage model is a general one, applicable also to ligands othertliam &hd to
processes other than association.

Introduction Specific recognition between hormones and receptors, enzymes
Association of proteins with other biomolecules and with each and inhibitors, antibodies and antigens, and electron carriers and

other is an important step in various biological processes. redox enzymes depends on their selective association. The
T lowa State University. charge, and therefore the protonation state, of titratable groups
* University of Heidelberg. plays a decisive role in biomolecular interactiohen their
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association involves release or uptake dfibhs, the association
constant will depend on pk2

Although this dependence is crucial for many biological
functions, studies of the effects of pH on proteprotein
association are scarce. Among the few systems examined to
date are cytochrome and cytochromebs,*> proteinases and
their inhibitors®8 and cytochromes and cytochromee per- pc eyt pe/eyt
oxidase® Dependence of association constant on pH has been separate combined
studied sporadically. A theoretical method needed for a sys- Figure 1. Reversible association between the blue copper protein
tematic study is not yet available. plastocyanin (pc) and the heme protein cytochrarteyt). The copper

To develop a general method for this study, we chose a pair and iron atoms are shown as spheres, while the four ligands to the
of well-characterized prototypical electron carriers: negatively copper atom and the porphyrin ring are shown as wire-frame models.
Charged blue copper protein p|astocyanin (pc) and positive|y The acidic residues Asp42, Glu43, Asp44, Glu59, Glu60, and Asp61
charged heme protein cytochromécyt). Each of them contains ?n plastocyanin, and t_he t_)asic residues Ly513,_ Lys25, Lys27, and Ly_586
many charged amino acid residues suited for electrostatic N cytochromec are hlghllghted as ball-and-stick _models. The protein
interactions. The negative charge in high-plant plastocyanins structures were drawn with the program MolScript v2.1.

is localized mostly in the so-called acidic patch, which consists ¢ study of the system in eq 1 and Figure 1 is to find out

of the lower cluster, 'residues Asp42, Glu43, and Glud4, and oo about these prototypical heme and blue copper proteins,
the upper cluster, residues Glu59, Glu60, and Asp61 (numbered, ik are indispensable in the study of electron-transfer

as inh the _plrotein hfrom spinach). The p_osirtlive charge rin reactions and mechanisms. The other goal is to develop a general
mitoc on_drla cytochromesis concentrated in t gbasm Patch  method for studying noncovalent protein association and test
surrounding the heme edge exposed at the protein surface. Thesg,is method on this interesting pair of proteins.

patches in the two proteins have been implicated in their
reactions with charged metal complexésl* physiological
partners;>~18 other proteind?—23 and each othet*~2” One goal

(1) Erman, J. E.; Kresheck, G. C.; Vitello, L. B.; Miller, M. A. To determine the association constattye take advantage

Blo(%t;%niwkl)ztsrﬂggg ?’gu‘é?gé_a?]?ém S McCammon. J. A Braden. B. c.. Of the redox activity of the two proteins. The bimolecular rate

cyt+ pc-—K—‘ cyt/pc Q)

Poljak, R. J.Biochemistry1997, 36, 15599-614. constankops for their electron-transfer reaction depends on the
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(5) Moore, G. R.; Cox, M. C.; Crowe, D.: Osborne, M. J.; Rosell, F. I.;  Studies with native proteins would require use of external redox
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(7) Edgcomb, S. P.; Baker, B. M.; Murphy, K. Protein Sci.200Q 9, not needed. Replacement of iron(ll) by zinc(ll) in the heme does
927-33. not markedly affect the structure of cytochromseand its
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(10) Wherland, S.; Gray, H. B. IrElectron-Transfer Mechanisms i i i i
Employed by Metalloproteinéddison. A. W.. Cullen. W.. James. B. R.. plastocyanin, pc(ll), has been extensively studied in our

Dolphin, D., Eds.; Wiley: New York, 1977; pp 28%68. laboratory?>27:3¥35 Kinetics is a convenient method for deter-
(11) Wherland, S.; Gray, H. Beroc. Natl. Acad. Sci. U.S.A976 73, mining the dependence &f on pH.
2950-4.
(12) Sykes, A. GChem. Soc. Re 1985 14, 283-315. 3 K 3 .
(13) Pladziewicz, J. R.; Brenner, M. $iorg. Chem.1987, 26, 3629~ Zncyt+ pc(ll) = “Zneyt/pe(ll) — Zneyt " /pc(l)  (2)
34
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G. Biochemistryl989 28, 6318-22.
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Chem.1997, 2, 11-22. undergoes and the chemical potential of the external ligéand.
(17) Tian, H.; Sadoski, R.; Zhang, L.; Yu, C.-A.; Yu, L.; Durham, B.;
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(20) Baghy, S.; Barker, P. D.; Guo, L. H.; Hill, H. A. Giochemistry 18.

1990 29, 3213-19. (30) Ye, S.; Shen, C.; Cotton, T. M.; Kostibl. M. J. Inorg. Biochem.
(21) Hirota, S.; Hayamizu, K.; Endo, M.; Hibino, T.; Takabe, T.; 1997 65, 219-26.
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When the ligand is the Hion, we have the proton-linkage covered with a buffer made by dissolving 2.50 mmol (0.4641 g) of
model. The numberg) of H* ions released or taken up during  triethanolammonium chloride and 2.50 mmol (14218 of glacial

a reaction is related to the pH dependence of the free energy ofacetic acid in 1.000 L of water. The pH interval from 5.4 to 7.2 was
this reaction. The system to which the libn (or some other cov_ered also with a 2.50 mM solution of sodlqm cacodylate, and.the
ligand) binds need not be a single macromolecule; it can be apH interval from 6.6 to 9.0 was covered also with a 2.50 mM solution

air of them. and the reaction of interest mav be association of of triethanolammonium chloride. The basic component of the first two
pa . ! L y buffers and the acidic component of the third were created in situ by
this pair. If association constaht at one pH value and the

adding 0.100 M solutions of NaOH or HCI, respectively. These

numberq are known, thenK at another pH value can be  gojutions of base and acid were used also to adjust the pH, which was

calculated with eq 3. (This known equation is derived in the measured with a Fisher Accumet 805 MP pH meter equipped with an

Supporting Information, on pp S$1513.) Aldrich combination microelectrode. The values of the association
constant K) in the overlap region, from pH 6.6 to 7.2, were the same

pH; regardless of the buffer chosen.
log K(pH,) = log K(pH,) + j;)Hl qdpH ®3) Proteins. Horse-heart cytochrome was purchased from Sigma
Chemical Co. The iron-free (so-called free base) form was made,

T : purified, and reconstituted with zinc(ll) by a modificatf§rof the
The standard proton-linkage model has been applied to original proceduré?#3The product, zinc cytochromg was handled

prOte.m_ng}(?m assoc_|at|of‘1?v37prqte|n unfolding’® and redox . at4°C, in the dark. The criteria of purity were the absorbance ratios
react!ons?. “YThe main shortcoming of the standard model is  a,,a.,; > 15.4 andAsi/Asss < 2.0. The absorptivity at 423 nm is
that it treats the reacting system as a featureless donor orp 43 x 166 M-lcm 142 Spinach plastocyanin and its three single
acceptor of H ions. Although correct and useful, the standard mutants were prepared by overexpressiok.irgoli*4 with the vector
model does not give information about the individual macro- pUG223f'° and purified first with a DE32 column and then with a
molecules and the titratable groups affecting their reaction.  26/10 Q Sepharose high-performance FPLC (fast protein liquid
In this study, the reactants are two prototypical proteins, chromatography) column from Pharmacia. The blue fraction was
cytochromer and plastocyanin, much studied in electron-transfer concentrated by dialysis against dry poly(ethylene glycol) (PEG 20 000)
reactions. The reaction is their association. We modify the and passed through a gel-filtration column, Sephacryl S-100 HR. The
familiar proton-linkage model so that it can give information amount of copper(ll) plastocyanin was determined spectrophotometri-

L . . . . cally in the presence of fFe(CN)], on the basis of the absorptivity
about individual proteins and even about amino acid residues ,; 5q7 nm, which is 4700 M cm 1% The UV—vis spectra were

involved in the protein association. Our procedure consists of rgcorged with a Perkin-Elmer Lambda 18 spectrophotometer.

four parts. First, we determine (by kinetic experiments) depen-  Flash Kinetic Spectrophotometry. The so-called laser flash pho-
dence of the association constant on pH. Second, we extractolysis on a microsecond time scale was done with a standard
from these experimental results the composkeg yalues, both apparatud® Argon for deaeration was first passed through water and
in separate and in combined proteins, of groups of amino acid then gently through the buffered solution of the proteins for 30 min.
residues that change their protonation state upon protein The sample cuvette was kept at 293.0(2) K with the 30-L circulating
association. Third, we theoretically calculate individusl,p  Path Forma 2067. Concentration of Zncyt was kept at L0/Qwhile
values of all titratable amino acid residues in proteins. Fourth, concentration of pc(ll) was varied from 2.0 to 3@BI. Initial volume

we study the effects of several plastocyanin mutations on the of the protein solution was 1.000 mL. Upon each addition of a small

H dependence of its association with cytochr, d exolain portion (1.06-4.00uL) of a 0.100 M solution of NaOH or HCI, the
p P A p pH was measured with the freshly calibrated pH meter, and the solution

these effects in terms of the modified proton-linkage model. a5 deaerated for 10 more minutes. Calibration of the pH meter was
We compare the calculated effects of the mutations on individual checked after the last adjustment of pH. Formation and decay of the
pKavalues and the observed effects of these mutations on proteirtriplet sate 2Zncyt, was monitored by the change in the absorbance at
association. We then identify some of the amino acid residues 460 nm,AAss0. For each concentration of pc(ll) at a given pH value,
in plastocyanin whose deprotonation is triggered by associationfour or more laser pulses were delivered, and kinetic traces were
with cytochromec. We discovered anomalouKpvalues of recorded. _ o
certain amino acid residues in both cytochromand plasto- Regression Analysis of the Rate Constarkas and Association
cyanin, which may be significant for their biological functions. ConstantK. The kinetic traces were fitted to eq 4 by a least-squares
Moreover, we verified our modified proton-linkage model, nonlEeardrfgres;i)gsr?ethod, with the program SigmaPlot v4.01,
which is generally applicable to pH-dependent interactions. purchased from ne.
Materials and Methods Ago= 8 XLk + 8, exphond) @
Chemicals.Distilled water was demineralized to resistivity greater W€ confirmed®26:513244hat the first-order rate constak (whose
than 16 M2 cm. Chromatography gels were purchased from Sigma amplitude isa;) does not depend on the concentration of pe(ll) and
Chemical Company. Triethanolammonium chloride was purchased from corresponds to unimolecular quenching’dficyt by pe(ll), while the
Aldrich Chemical Co. Hydrogen fluoride, nitrogen, and ultrapure argon Pseudo-first-order rate constakis (Whose amplitude is;) depends
were purchased from Air Products Co. All other chemicals were ©n the concentration of pe(ll) and corresponds to bimolecular guenching
purchased from Fisher Chemical Company. of 3Zncyt by pc(ll). Fitting ofksbsto eqs 5 and 6 gave the rate constants
Buffers. The buffers kept the ionic strength constant at 2t50.10 for associationk,, and dissociatiorkrr, of the Zncyt/pc(ll) complex,

mM over the entire pH range, from 5.4 to 30This full range was as in our previous studié&3347A typical fit is shown in Figure S1 in
the Supporting Information. In this study, for the first time, we analyze
(37) Laskowski, M., Jr.; Finkenstadt, W. Rlethods Enzymoll1972 the pH dependence of the association constardalculated from eq
26, 193-227.

(38) McGee, W. A;; Rosell, F. |.; Liggins, J. R.; Rodriguez-Ghidarpour, (42) Vanderkooi, J. M.; Adar, F.; Erecinska, Eur. J. Biochem1976
S.; Luo, Y.; Chen, J.; Brayer, G. D.; Mauk, A. G.; Nall, B. Biochemistry 64, 381-7.

1996 35, 1995-2007. (43) Vanderkooi, J. M.; Landesberg, R.; Hayden, G. W.; Owen, C. S.
(39) McPherson, P. H.; Okamura, M. Y.; Feher, Bochim. Biophys. Eur. J. Biochem1977, 81, 339-47.

Acta 1993 1144 309-24. (44) Ejdebak, M.; Young, S.; Samuelsson, A.; Karlsson, B.R3otein
(40) Beroza, P.; Fredkin, D. R.; Okamura, M. Y.; FeherB&aphys. J. Expression Purif1997 11, 17—25.

1995 68, 2233-50. (45) Zhou, J. S.; KosticN. M. J. Am. Chem. S0d.991, 113 7040-2.
(41) Perrin, D.; Dempsey, BBuffers for pH and Metal lon Contrpl (46) Zhou, J. S.; KostiodN. M. J. Am. Chem. S0d991, 113 6067-73.

Halsted Press: New York, 1979. (47) Zhou, J. S.; KosticN. M. Biochemistry1993 32, 4539-46.
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7. The error margins for all reported values correspond to two standard MEAD and determines the protonation probabilities of all titratable

deviations and the confidence limit greater than 95%. residues in a protein on the basis of free energies of protonation
calculated by a hybrid of a statistical-mechanical method and the
Korkelpe (1] Tanford—Roxby method?® The uncertainty in the i, values is~1
Kobs (5) pH unit.

ko T ke T koD

The K, value of an isolated titratable side chain is the pH value at
which the protonation probabilityxC]is 0.50. Because an isolated side
Kot chain obeys the Hendersohlasselbalch equation,Kp = pKis.
[pe(I] = [pc(IN]o — 5) [2neytlo + [pe(i] + K, Because, however, a protein exists in multiple protonation states, the
n pKy, value of a side chain no longer reflects the probability of its
protonation® Consequently, theky, value depends on pH, as Figure

Kotr|?
\/([chyt]o + [pe(nlo + ko 4[Zneytlpe(I]of (6) S2 in the Supporting Information shows. Fortunately, this dependence
is very small over the pH range in our experiméfitsor the sake of

K, accuracyXOwas calculated over the entire range 5.4H < 9.0, in
K= 7 steps of 0.05 pH units. At each step, th&,pesult was obtained with
Kot eq 8. An average of all thelp results corresponding ta[]> 0.0010

for a given titratable side chain is thé&pvalue of this side chain.

Calculations of pK, Values of Individual Residues.The crystal
structures of horse-heart cytochromg@lesignated 1HR®and spinach
plastocyanin (designated 1AG8&)were taken from the Protein Data
Bank. Because the latter structure is known only for the Gly8Asp
mutant, we created the wild-type form by changing Asp8 back to Gly  Modified Proton-Linkage Model. The original linkage modé is
with the program CHARMM? We then created the mutants Asp42Asn,  exact. We modify it to reduce the number of adjustable parameters in
Glu59GIn, and Glu60GIn by the same method. In these slight mutations a way that reveals more about the system and its pH-dependent reaction.
of the carboxylic acid to the corresponding amide, the coordinates of For a detailed derivation, see the Supporting Information, pp-S11
the non-hydrogen atoms in the side chains were kept fixed. The S16. Whermm, amino acid residues each lose & idn in the same pH

pK,= pH + log (8)

1-x0

hydrogen atoms were added by the HBUILD methbaid their energy interval, we designate theisoacidic residueand treat them as a group.
was minimized in 3000 steps of steepest descent in the CHARMM with the modified model, we extract not only the number df ins
program. released or taken up upon association, but also the compésitalnes

The [Ka values of amino acid residues were calculated by a published for each group of isoacidic residues involved in (and therefore affected
method}*? starting from the Ka values of the model compounds,  by) association. The width of the pH interval and other criteria for
N-formyl methylamide derivatives of amino acigfsThe partial charges  residues to be considered isoacidic will be analyzed in the Results
were taken from AMBERS force field for atoms in side chains and  section. The system (protein pair) Hesgroups of isoacidic residues,
from a quantum-mechanical calculat®fior the blue copper site. If  which are indexed with. Residues in each group act collectively, and
all the residues in the protein were electroneutral, a titratable side chainggch group has one compositi.p/alue in the separate @ and

would have the so-called intrinsid<p value. The intrinsic K. values another compositek, value in the combined ) proteins; note the
and the interaction energies between titratable groups were obtainedsyperscripts s and c, for separate and combined.
by the MEAD progrant? solving the linearized PoisserBoltzmann Our experiments detect only those residues, and only those groups

equation on a grid in two focusing stepis® The dielectric constants  of ispacidic residues, that are affected by the protein association in the
of the protein interior and of water were set to 4.0 and_ 80.0, pH range covered. Each group of isoacidic residues can hase
respectively® The ionic strength was set to 2.50 mM, as in the hydrogen ions. When a total G, m of H* ions are bound, all
experiments. The solvent-accessible and the |on-zxclu5|on layers wereresiques in all isoacidic groups are protonated, and only one protonation
probed with spheres having radii of 1.4 and 2.0 A, respectively. The giate is possible. We take it as the reference protonation state of the
grid was _ce_ntered on the geometric cen_ter of the mode_l compound orprotein pair, for which the association constantkg The other

the p_roteln_ln the first st(_ep and on the titratable group in the second. protonation states are obtained by deprotonation of this one.

The first grid had a spacing of 1.0 A; the second, 0f 0.25 A. The tWo ™ \yheni of the M groups of isoacidic residues are deprotonated, the
grids hgd the same length in all three dimensions: 61 A fpr the umber of possible protonation states fis given by eq 9. The
calculathns of the modelocompounds and 81.)2\ for thg calculations of protonation states of the system (protein pair) with the same number
the proteins. CalculateiG® values for transferring the titratable group ¢ deprotonated groups of isoacidic residues are indexedjyithich

from aqueous solution to the protein in which all other residues are | n< from 1 top.. The two indexesj andj, designate a protonation
electroneutral were added to th&jvalue of the appropriate model  giate of the protein pair. Going from the reference (fully protonated)
compound. We wrote a program that uses the output of the program state to tha,j protonation state, the protein pair Iosaésl-l+ ions, the

(48) Bushnell, G. W.; Louie, G. V.; Brayer, G. D. Mol. Biol. 1990 number given by eq 10.
214, 585-95.
(49) Xue, Y.; Okvist, M.; Hansson, O.; Young, Brotein Sci.1998 7, M M!
2099-105. P=\moil ™ ™=l 9)

(50) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187-217. M
(51) Bringer, A. T.; Karplus, MProteins: Struct., Funct., Genet988 ; i
4, 148-56. a = Z Xiic My (10)
(52) Bashford, D.; Karplus, MJ. Phys. Chem1991, 95, 9556-61. =
(53) Bashford, D.; Case, D. A.; Dalvit, C.; Tennant, L.; Wright, P. E. )
Biochemistry1993 32, 8045-56. The component, of a protonation-state vector shows whether the

(54) Peariman, D. A; Case, D. A; Caldwell, J. W.; Ross, W. S.; .th group ofM isoacidic residues is protonated (0) or not (1). The
Cheatham, T. E., lll; DeBolt, S.; Ferguson, D.; Seibel, G.; Kollman, P. group P ©) (2.

Comput. Phys. Commua995 91, 1—42. constanﬂ__{, defined for sgparate (su_pers_cript S) pro_teins in eq ;1.and
(55) Ullmann, G. M.; Knapp, E.-W.; KostidN. M. J. Am. Chem. Soc. for combined (superscript c) proteins in eq 12, is the equilibrium
1997 119 42-52. constant between the reference protonation state arig fhretonation
(56) Bashford, D.; Gerwert, KJ. Mol. Biol. 1992 224, 473-86. state. (For a detailed explanation, see Supporting Information.) These
(57) Warwicker, JProtein Eng.1997 10, 809-14.
(58) Klapper, I.; Hagstrom, R.; Fine, R.; Sharp, K.; HonigBoteins: (60) (a) Yang, A. S.; Gunner, M. R.; Sampogna, R.; Sharp, K.; Honig,
Struct., Funct., Genefl986 1, 47—59. B. Proteins: Struct., Funct., Genet993 15, 252-65. (b) Ullmann, G.
(59) Honig, B.; Nicholls, A.Science (Washington, D.C1995 268, M. J. Phys. Chem. B200Q 104, 6293-6301.

1144-9. (61) Bashford, D.; Karplus, MBiochemistry199Q 29, 10219-25.
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Figure 2. Dependence on pH of the number of libns () released 10t b
to the buffer by the protein pair shown in Figure 1 upon protein
association at ionic strength of 2.50 mM and 293 K. The line is
calculated with eq 14 on the basis of the fitted line from Figure 3a. X gy 08 » . L L L
C
equilibrium constants can be related to th@;pand p(; values, as the Tx10% -
right-hand sides of eqs 11 and 12 show.
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= 5x10*
Let the system (a protein pair) contairiitratable residues. If these
residues are treated individually, as in the standard proton-linkage 3x10* -
model, there arealues ofL}s and 2 values ofLl°. In a realistic case . ) . i
of, say,n=8, there are a total of 2 28 = 512 equilibrium constants; 5 6 8 9

N

any fitting with them would be futile. We avoid this proliferation of
adjustable parameters by recognizing a group of titratable residues thatFigure 3. Dependence on pH of association conskrfor association

are deprotonated more or less in concert, over a relatively narrow pH cytochromec with the wild-type plastocyanin (a) and the following
range. We call therfsoacidic residuesind recognize multiple groups .~ utants: Asp42Asn (b), GIUS9GIN(c), and Glu60GIn(d) at ionic
of these residues. In our modified proton-linkage model (eq 13), there enah of 2.50 mM and 293 K. Error bars for the experimental results
are onlyM values ofm, M values of K, andM values of i With include two standard deviations. The two nearly overlapping lines in

this relatively small number of parameters, a fitting of the pH g5ch case are fittings to eqs-93. The two sets of fitted parameters
dependence of the association constant becomes possible. This fitting, o given in paired columns in Table 1.

is not merely a numerical procedure; its results are very informative.

treated as constants and changed manually, one at the time. We changed

v -ai e them in unit steps and allowed all th&pvalues and, to float.
ZZ[H L Because the experimental plot in Figure 3a shows three inflection
K=K - (13) points, we recognize three groups of isoacidic residues, corresponding
O\ to my, mp, andmg. Fittings of the experimental pH-dependent association
Z[H*]’a" L{S constants to eqs-913 yielded the following resultsKo; three p(;
SE values, for three groups of isoacidic residues in separate (free) proteins;

and three K; values, for these groups in combined (associated)
Protein association (within the system) can trigger release and uptakeproteins. We considered the fitting successful if the fitted line passed
of H* ions (by the system). Therefore, association cond{atepends through all 19 experimentally determined points (within the error bars);
on the concentration of Hions. This dependence can be fitted to eqs  all such fittings gave the correlation coefficieRt > 0.990. The fits
9—13 with a reasonable approximation that the individual titratable Were easily “spoiled” by small changes in the parameters. This is further
residues can be collected into groups of isoacidic residues, each isoacidicvidence that the fits are meaningful. The fitted valuesnaf pK;,
group corresponding to oma, value. The initial values of these fitting ~ and [K; are reasonable and clearly related to the known properties of
parametersny in egs 11 and 12 can be estimated from the experimen- the proteins under study, as will be discussed below. That reasonable-
tally determined dependencefon pH. According to eq 3, the slope  ness, and not merely the high statistic quality of the fits, reassured us
of the plot of logK versus pH igj, defined in eq 14. This plot is shown  about the soundness of these results.
in Figure 2. A detailed derivation of the modified proton-linkage model and an
example of its application to our experimental results are given in the
_dlogK Supporting Information.
Results

Positive and negative values gftorrespond to release and uptake, I : 3
respectively, of H ions upon protein association. We round the maxima Oxidative Quenching of*Zncyt by pe(ll). In the absence

and minima in Figure 2 (becaus& must be an integer) and use their of copper(ll) plastocyanin, the excited stéfacyt decays with

absolute values. In this way, we satisfy the convention that the referencethe rate constant of 8@ 10 s™. In the presence of copper(ll)
protonation state has a maximum number &f idins bound and all plastocyanin, this excited state is oxidatively quenched. As the

other protonation states are formed by loss dfiehs by the protein concentration of copper(ll) plastocyanin increases, the rate
pair (to the buffer). In the program SigmaPlaot, values had to be constant increases as well, as shown in Figure S1 in the
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Table 1. Parameters with Which the pH Dependence of
Association Constants in Figure 3a-d Were Fitted to Eqs913°

Table 2. Calculated K, Values of Selected Amino Acid Residues
in the Acidic Patch of Plastocyanin, at lonic Strength of 2.50 mM

and 293 K

pc form
parameteér wild-type®  Asp42AsH Glus59GIre Glue0GIr pe form
my 3 3 3 3 2 > 1 5 residué wild-type Asp42Asn Glu59GIn Glu60Gin
mp 2 3 2 2 1 2 1 1 Asp42 4.4 b 4.3 4.3
ms 3 3 2 3 1 1 1 1 Glu43 6.2 5.8 6.0 6.1
PK; 6.4 6.3 6.1 6.1 57 56 6.3 6.0 Asp44 6.2 54 6.1 6.1
pKZ2 6.3 6.6 6.0 6.0 6.4 6.6 6.3 6.8 Glu59 55 54 b 4.9
PKC, 79 78 81 81 86 83 82 8.1 ElU%Ol 2-% g-g z-g b5 )
pKC, 58 59 59 59 5.2 51 5.0 5.7 SP : : . :
PKS, 70 69 6.4 6.4 6.6 6.7 7.0 7.0 aNumbering for the protein from spinachResidue absent in the
pKS 8.3 83 82 81 8.9 8.7 8.6 8.4 mutant.
10%K, 8(1) 7(1) 4.7(6) 4.7(6) 1.3(6) 0.9(4) 0.9(3) 2.6(3)

= Association of cytochrome with each of the four forms of some of the experimentally determined points, as seen in Figures

plastocyanin was successfully fitted with two sets of parametexs: S0 58 in the Supporting Information. _
is the number of isoacidic residues in a groupSmnd (K¢ are We defineisoacidic residuess those that lose their'Hons

composite [, values for isoacidic residues in, respectively, separate in the same pH interval. Upon protein association, isoacidic
(free) and combined (associated) proteins; gds the association  residues act in concert. Treating them as a group is our main
constant for fully-protonated proteins. Subscript 1 designates plasto- nqdification of the proton-linkage model. The width of the pH
cyanin; subscripts 2 and 3, cytochroroe ® Margin of error for the . . o . .
pKa values is+0.10. ¢ Fittings shown in Figure 34&.Fittings shown in !ntervlaI, (i.e., the criterion for reSIdues.tc.) be con3|der9d as
Figure 3b.¢ Fittings shown in Figure 3¢.Fittings shown in Figure 3d. isoacidic) depends on the number, precision, and “density” of
the experimental data points on the pH scale. In this study, the
individual pK, values of the isoacidic residues belonging to the
Supporting Information. These findings confirm the previous same group differ byi-0.30 pH units or less. We determined
detailed studies in this laboratory and were analyzed as this interval by imposing spreads of various magnitude on these
before?6:31.48|n this study, we are interested in the bimolecular individual pK, values. When the spread was with#®.30 pH
reaction between the two proteins (eq 2), whose rate constantunits, the fitted lines passed through the error bars of all
is kops @nd the amplitude of whose kinetic traceais experimentally determined points for each of the four forms of

When the concentration of copper(ll) plastocyanin is kept plastocyanin.
constant and the pH is raised from 5.4 to 9.0, the rate constant Because association of cyt with all four forms of pc (wild-
kobsincreases, reaches a maximum, and then decreases, as seg¢ype and three mutants) obeys the same equations, because the
in Figure S3 in the Supporting Information. Simultaneously, fits were excellent, and because the fitted parameters were quite
the amplitudes, decreases, reaches a minimum, and increases,reasonable, we accepted the success in fitting as verification of
as seen in Figure S4 in the Supporting Information. our modified proton-linkage model.

Dependence of the Association Constari on pH. We Calculated Individual pK, values. We used a continuum
experimentally determinel at 19 pH values in the interval  electrostatic model to calculate th& values of all titratable
from 5.4 to 9.0. We did so for four protein pairs, those that residues in all four forms of plastocyanin and also in wild-type
cytochromec forms with the wild-type plastocyanin and its three  cytochrome c; see Tables S1 and S2 in the Supporting
mutants; see Figure 3al. As the pH is raised (from 5.4 to  Information. The K, values for the residues in the acidic patch
9.0), association constaKtincreases, reaches a maximum, and of plastocyanin, which will be discussed in detail, are given in
then decreases. The wild-type plastocyanin and all three mutantsTable 2. The K, values for the propionic acid substituents in
show the same qualitative trend, but quantitative differences the free heme molecule fall in the interval 44.8. These Ka
among them are important. Both the similarities and dissimilari- values likely decrease when the heme is incorporated into
ties among the four plastocyanin variants are revealing and will cytochrome ¢, a positively charged protein. Because our

be discussed in detail below.

Fitted my Values.All four plots in Figure 3 were successfully
fitted in the same way. Reasonable initial valuesp{absolute
values of theq extrema in Figure 2) were available from

experiments are done in the interval 54 pH < 9.0, the
propionic acid substituents need not be considered in the
interpretation of these experiments.

experimental data, as explained above. For example, the initial Discussion

m values for fitting of results in Figure 3a wemg = 2, m, =

1, andmg = 3. We changed them, as outlined in the preceding
section, and an excellent fit was quickly achieved. That further

changes of thery values spoil the fit proves that the prior

success was not accidental. Some of these controls are show

in Figure S5 in the Supporting Information. If a setmfvalues
was unsatisfactory, adjustment of the sik;walues could not

produce a good fit. Of the approximately 300 attempted fittings,
only eight were satisfactory. These eight sets of fitted parameters

are the eight columns in Table 1, two columns each for wild-
type plastocyanin and its three mutants.

Fitted Composite K, Values. Criterion for Isoacidic
Residues.The estimated error in thekp values is+0.10 pH
units. Changes of this magnitude in thié pralues were more
than sufficient to divert the fitted line from the error bars of

Protein Association. Protein association involves shape
complementarity and hydrophobic interactions, which do not
depend on pH, and electrostatic (ionic and polar) interactions,
including hydrogen bonding, which &8 By changing the pH

Q/alue, one can adjust the protonation state of titratable side

chains and study the dependence of the association constant,
K, on this state.

Association constants can be determined by NMR spectro-
scopy or calorimetry, but there are many pitfalls in these
experiments. Exchange offHons, nonspecific perturbation of
NMR resonances, interactions of the proteins with the buffer
as well as with each other, and deviations from ideal behavior
when the protein concentrations are relatively high are all factors

(62) Stites, W. EChem. Re. 1997, 97, 1233-50.
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that interfere with the experimerfts.To complicate matters  are already in the ionic form. Salt bridges may also contribute
further, these interactions and deviations may also depend onto the specificity of interaction&

pH. To explain quantitatively the dependencetofon pH, we
Even if the technical problems in the experimental approach needed a suitable theoretical model for this dependence. Only
are solved, association constalitenay be difficult to interpret. one such model seems to be commonly used in chemistry and

If protein association is a step in a chemical reaction, and biochemistry.

especially if multiple protein complexes are possible, it may  proton-Linkage Model. In this study, the system is a pair
not be clear whether the resultikgcorresponds to the reactive  of proteins, cytochrome and plastocyanin considered together.

complex. For all of these reasons, we determikday a kinetic  As Figure 1 shows, the system can exist in two association
method, which requires relatively low concentrations of proteins states: the proteins are either separate or combined. When the
and can give precise results. system changes its association state, the system may take up or

Protein Pair. To study in detail the effect of pH on release H ions to the buffered solution. If a titratable side chain
association between proteins, we chose a pair of stable and wellis affected by the change of the association state of the system,
characterized metalloproteins having complementary electro- this side chain will have different individuaka values in the
static propertie$?1>6367 Chemical modification of cytochrome  separate and combined states. Consequently, the change of the
¢, saturation kinetics in the electron-transfer reactott;*¢ association state may cause (de)protonation of this side chain.
NMR spectroscop$, site-directed mutations in plastocyaf#®> A swap of H" ions within the system (i.e., between the two
and computational simulation of dockifig*all agree that the  proteins) cannot be detected. We are interested in those cases
acidic patch in plastocyanin abuts the basic patch of cytochromein which protein association triggers uptake or release df H
¢ upon association. It is not a purpose of our study to verify jons by the protein pair (viewed as a whole). If this uptake (from
this established fact. We are interested in the dependence ofthe buffer) or release (to the buffer) occurs in the experimental
association constant on pH, both in its own right and for the pH range, it can be detected in the plotkofversus pH.
new information that the pH dependence provides about these  The proton-linkage model is correct, but it treats the system
important proteins. o simply as a donor or acceptor of'Hons and yields only the

Dependence of Association ConstantK, on pH. We total number of these ions involved in a pH-dependent process.
covered the widest possible pH interval, from 5.4 through 9.0. Because the model does not recognize the specific amino acid
Further extension of it would have compromised the stability residues that release or take up thé idns, it cannot give
of plastocyanin (at the low end) and cytochromt the high  qetailed information about the triggering process. If thé p
end). Fortunately, the association constants varied greatly in thisyalyes of the responsible side chains could be determined, the
pH interval, and these variations provided stringent tests of our model would become a useful tool for the study of chemical
modified proton-linkage model. The same pH interval was and biochemical reaction mechanisms. We modified the standard
covered in a recent, but very different, study of pH effects on model and achieved this goal: we obtained composig p
a pair of redox protein& As Figures 3ad show, affinity of  yajues of groups of amino acid residues that are involved in
cytochromec for each of the four forms of plastocyanin follows  the protein association.
the same general trend: increase from 5.4-@5 and then Modified Proton-Linkage Model. In principle, our analysis
decrease to 9.0. We will first explain this general increase and j,|4s equally for increasing or decreasing pH, association or
decrease ik and will later analyze the inflections in the plots.  jissociation of the protein pair, and uptake or release of H

The initial increase ik cannot be due to weakening repulsion  jong by the protein pair. For the sake of consistency and clarity,
between the two proteins, because the acidic patch in plasto-ye consider the changes in the direction of increasing pH, where
cyanin lacks cationic side chains. The increase is due to protein association may trigger release or uptake bfidhs.

dleprtotonat!on of carboxti/]hc,; fgroups '?[ tt)h'fi aC|d|(;thp$[chb N We introduce the concept a@$oacidic residuesthose that
plastocyanin, a process that ravors sait bridges wi € DasICi5se a H ion each in the same pH interval and therefore can

patch in cytochrome. The decrease_lK as the_pH Is raised be treated together, as a group. This concept and definition apply
further cannot be due to strengthening repulsion, because theequally to residues such as glutamic acid and to residues such
basic patch in cytochrome lacks acidic side chains. The

) . o 8 L . as protonated lysine, which is an acid but is conventionally
decrease is due to deprotonation of cationic residues in this basic e . :

: . . L ctlassified as a basic residue.
patch, a process that disfavors salt bridges with the acidic patch

in plastocyanin. Formation of a salt bridge is thermodynamically In this study, we distinguish several types #fjvalues. The

favored over burying one or two charged residues in the protein calculatedones are the result of theoretical calculations. The

interface, especially so if one or both participating side chains individual values for particular residues cannot be deduced form
' the experiments. A group of isoacidic residues is characterized

(63) Gross, E. LAdv. Photosynth1996 4, 413-29. by its compositeoK, value, which is read from the corresponding

gggg 'F\,"eet;fghrzfxv SA\?\/U'- m‘gfesygthéi?fcg}frﬁ;‘Zlé-iological Aspests inflection point in Figure 3. The composite value is made up
S A S : of individual values, whose contributions to the composite value

(66) Moore, G. R.; Pettigrew, G. WCytochromes c. Eplutionary, remain unknown. The unknown individualKp values of

Structural and Physicochemical Aspec8pringer-Verlag: Berlin, 1990. isoacidic residues in this study are clustered withid.30 pH

A ((‘357)%’;0%“[:;’;22;; écri\/elerJ]IéigisB%igﬂggrégupspgﬁzc%?tti%g.; Mauk,  ynits, as explained above. The width of this interval depends

(68) Zhou, J. S.; Brothers, H. M., Il; Neddersen, J. P.; Peerey, L. M.; ONn the specific system under study and precision of the

Cotton, T. M.; Kosti¢ N. M. Bioconjugate Chemt992 3, 382-90. experimental measurements and results. A combination of these
(70) Robers, V. A Freeman.H.C.. Ofton A 1. Tainer- 3, A- Getzoff, Individual values is a compositeig value for the group of
E. D.J. Biol. Chem1991, 266, 13431-41. isoacidic residues.
(71) Ullimann, G. M.; KosticN. M. J. Am. Chem. So&995 117, 4766~ Scheme 1 shows the effects of protein association and of pH
74-(72) Sheinerman, F. B.: Norel, R.: Honig, Burr. Opin. Struct. Biol change on a carboxylic side chain in plastocyanin; this side chain

200Q 10, 153-9. may belong to a group of isoacidic aspartic acid or glutamic
(73) Bishop, G. R.; Davidson, V. IBiochemistryl997, 36, 13586-92. acid residues. This conceptual scheme applies regardless of the
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Scheme 1Effect of pH (Vertical Arrows) and of
Association (Horizontal Arrows) on Acidic Residues in
Plastocyanin that Is Separate from (Superscript s) and
Combined with (Superscript ¢) Cytochrom#

C
OOH HaNE =& PH < pKz=== OOH-».-HSN’L@
S

separate combined
Pro |
. s .
-H ,(7,9‘. -H
[+
PKZ 'o’\.'g‘*\ pKa
coo‘ HaN@ ==pH > pKi=== coo-'--+«|3nt@

separate combined

a0One carboxylic side chain represents a group of several such
isoacidic residues. Protein association in a certain pH interval triggers

the release of Hions to the buffer. Boldface dots represent a salt bridge;
lightface dots, a hydrogen bond.

Scheme 2Effect of pH (Vertical Arrows) and of
Association (Horizontal Arrows) on Basic Residues in
Cytochromec that Is Separate (Superscript s) from and
Combined (Superscript ¢) with Plastocyahin

- S -
COO HaNt@ ;pH<pKa$ COO----HsNL@
Y 4

separate Q\(Sb combined
I

HY Rt

. R .

PK3 Q‘&o ‘ PKy

#
coo' HZN@ =e=pH > pKg=== coo‘----HzN‘@

separate combined

Crnogorac et al.

When the oppositely charged interaction surfaces in separate
proteins are hydrophilic and titratable residues are present, as
in this diprotein system, acidic residues tend to releaséHs
upon association, while basic residues tend to take UpHis.

For this reason, the diagonal arrows in Schemes 1 and 2 are
placed along one diagonal only; the arrows along the other
diagonal are omitted for the sake of clarity. The modified proton-
linkage model, however, is equally applicable to the processes
shown in Schemes 1 and 2 and those not shown there.

Application of the Modified Proton-Linkage Model to
Wild-Type Plastocyanin and Cytochrome c. Number of
Isoacidic ResiduesThe results are shown in Figure 3a; namely,
19 points covering the pH interval from 5.4 to 9.0. The general
trend was explained above: As pH is raiskdncreases owing
to the acidic residues in plastocyanin and then decreases owing
to the so-called basic (actually, acidic when protonated) residues
in cytochromec. Now we will analyze subtler, but more
revealing, features of the curve: the inflection points. There
are three of them, corresponding to three groups of isoacidic
residues. Each group contaimg residues and has &pvalue
in the separate proteins and &Zpvalue in the combined
proteins. As explained in the Materials and Methods section,
the fitting yields 10 parameters: on& value and triplets of
me, PKS, and (K¢ values.

Fitting of Figure 3a to eqs-913 is very sensitive to the choice
of mg values and sensitive to the choice of the other parameters.
We often tested fits by deliberately spoiling them, changimg
My, or mz by one unit, to see if the fit will markedly worsen. A
few of these tests are shown in Figure S5 in the Supporting
Information. In the end, out of nearly 100 attempts at fitting
with different my triplets, only two met all the criteria. They

2 One ammonium side chain represents a group of several isoacidicare given in the first two columns in Table 1.

residues. Protein association in a certain pH interval triggers uptake of

Themy values show that association involves a group of three

H* ions to the buffer. Boldface dots represent a salt bridge; lightface jspoacidic residues in wild-type plastocyanin and also one group

dots, a hydrogen bond.
protonation state of the basic residues in cytochrapmie this

of two or three isoacidic residues and another group of three
isoacidic residues in cytochrome The apparent mismatch

case, they happen to be protonated, as cations. Association an@etween the salt bridge partners, three in plastocyanin versus
dissociation of the two proteins are represented by horizontal five or six in cytochrome, is only apparent. The other residues

arrows. Loss of H ions to the buffer is represented by vertical
arrows; the release of Hions triggered by association, by the
downward diagonal arrow. When pH pKS, the neutral

in plastocyanin that form salt bridges have typical, relatively
low, pK, values and therefore are deprotonated already at pH
< 5.4, They are undetectable in the pH range covered in our

carboxylic group predominates in both separate and combinedéxperiments. _ _
proteins, so that upon association (the upper horizontal) the A direct titration of cytochrome showed that this protein

system does not release d kbn (to the buffer). A salt bridge
cannot form, but a hydrogen bond may form. A€p< pH <

pKS, the side chain is predominantly neutral when the proteins

loses~5 HT ions over this pH rangé& Indeed, our fitting gave
the summ, + mg of 5 or 6. Evidently, the modified proton-
linkage model gives realistic numbers of isoacidic residues.

are separate but predominantly charged when they are combined, APPlication of the Modified Proton-Linkage Model to

Association (the diagonal) triggers the release oftadt, which
can be detected. A salt bridge can form. At pHpK;, the

S
ar

Wild-Type Plastocyanin and Cytochromec. pK, Values.Our
fittings gave ;K; of 6.4 and 6.3 for the first group of isoacidic

carboxylate anion predominates in both separate and combinedésidues in_separated proteins. To test t_he sensitivity of the fits
proteins, so that upon association (the lower horizontal) the 10 composite K. values, we systematically changed these

system does not release 4 fibn, and a salt bridge can form.

values, one at the time, in the first two columns in Table 1.

Scheme 2 shows the effects of protein association and of pH S0me of these attempts are shown in Figures S8 in the

change on an ammonium side chain in cytochragreemember

Supporting Information. Deviations from the best values by as

of a group of isoacidic lysine residues. The acidic residues in little @s+0.10 clearly spoil the fits. Evidently, the error margin
plastocyanin happen to be deprotonated. As before, associatiorfo the composite Ka values in this study is approximately
and loss of H ions are represented by rightward and downward +0-10 pH units. In judging success of the fitting, one must

arrows, respectively, whereas uptake of lans triggered by

consider not only the fidelity of the line to the data points but

association is represented by the upward diagonal arrow. As@lso the number and precision of these experimental results.

before, the protonation state, and therefore the charge, of the

The two successful fittings in Table 1 are quite consistent;

group of isoacidic residues depends on the relation among theonly the fi<; values in the two columns differ by more than
pH, pKS, and (K¢ values. The main consequence of these 0.10 pH units. Because the difference is small, the following

relations is the possibility for forming salt bridges or mere
hydrogen bonds.

(74) Barker, P. D.; Mauk, M. R.; Mauk, A. @Biochemistry1991, 30,
2377-83.
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interpretation is consistent with both columns in Table 1. That perturbations is further evidence for the soundness of the
pK3, > PKg, whereas I < pK; and p<; < pKg, means that ~ modified model.
association favors carboxylate anions in Siastocyanin and Plastocyanin Residues Involved in Association with Cy-
ammonium (lysine) cations in cytochronee This finding is tochrome c. In these experiments we could not go below pH
symptomatic of salt bridges formed in a polar environnfent. 5.4 to observe thelf, values of ordinary acidic residues, because
The possibility of extracting composit&pvalues of groups ~ these conditions would have damaged plastocyé&nifihe
of residues and analyzing their shifts upon protein association isoacidic residues belonging to the groop have unusually
is the chief benefit of our modification of the standard proton- high pKa values, a symptom of their mutual interactions within
linkage model. In the reminder of this study, we examine the plastocyanin. Deprotonation of one carboxylic group makes the
first inflection point in Figure 2a, the one due to plastocyanin deprotonation of another more difficult, and theK pvalues
residues. This analysis will demonstrate the new possibilities increase.
opened by the modified method for the study of biomolecular ~We do not use the theoretically calculatelapralues of
interactions. individual residues in Table 2 to interpret the inflection points
Application of Modified Proton-Linkage Model to Plas- in Figures 3a-d, because individual residues are subsumed in
tocyanin Mutants and Cytochrome c. In each of the three  the group of isoacidic residues. Each group, with its composite
mutants, one carboxylic group in the acidic patch is converted pKa value, corresponds to an inflection point in Figure 3. The
to the corresponding carboxamide, Asp to Asn or Glu to GIn. calculated individual values in Table 2 are, however, necessary
This noninvasiv&23 change alters electrostatic but not steric for detection and qualitative assessment of the effects of
properties of the side chafiWe want to know how association ~mutations in plastocyanin. Because the theoretical method
with cytochromec will change when a plastocyanin residue that allowed for interactions among the residues, the calculated
can form a salt bridge is noninvasively replaced by another that individual pK, values can show indirect effects that the mutation

cannot. We will observe the changes rim, ijl, and p(% of a given residue has on other residues in plastocyanin. In the

parameters upon each mutation in plastocyanin. following discussions we use results from both Tables 1 and 2.
Out of some 200 attempts at fitting, each of the plots in Figure ~ @. Effects of the Asp42Asn Mutation.Residue 42 belongs

3b—d was accurately reproduced (correlation coefficié¥ts to the lower cluster in the acidic patch. Because its individual

0.990) with only two sets of parameters. The consistency of PKain all the plastocyanin forms is 4.3 or 4.4, well outside the
the two fits for each plot can be assessed by comparing PH range covered, this residue is unlikely to contribute to the
parameters in each pair of columns in Table 1. The quantitative group of isoacidic residues having composit€ pf 6.3-6.4
results shown there can be summarized as follows. Forin wild-type plastocyanin. We conclude that Asp42 cannot
Asp42Asn, themg values differ by 1, and all theky values directly contribute to the dependence in Figure 3a. Indeed, when
agree. For Glu59GIn, they, values differ by 1, and only the  ionization of residue number 42 is prevented (by mutation to
pKS values differ slightly. For Glu60GIn, they values differ ~ Asn), themy value remains unchanged. This is evidence that
by 1, and two of the K, values differ by more than 0.3 pH this wild-type residue is not deprotonated upon association with
units. Although these differences are relatively small, we cytochromec (in the suitable pH interval, according to Scheme
interpret the parameters cautiously. 1). But this residue can contribute to the pH dependendé of

Table 1 shows that mutations in plastocyanin affect not only indirectly, through its interactions with other residues. As Table
the parameters for the combined proteins but also the parameter¢ Shows, upon mutation Asp42Asn, individua{gvalues of
for cytochromec, namelym,, ms, pKS, and K ; the last two the neighboring residues Glu43 and Asp44 are lowered by 0.4

i romahei thic nratein i and 0.8 units, respectively. This change probably contributes

parameters describe cytochrom@hen this protein is separate © ' : : !
from (not associated with) plastocyanin. For example, rthe to the sll|ght I;)wenng, by 0.2 or Q.3 units (see Table 1), of the
value changes from 3 for wild-type plastocyanin to 1 for the COmMposite K value upon mutation.
Glu60GIn mutant, and thel3 value changes from 6:3.6 b. Effects of the Glu59GIn Mutation. Residue Glu59
for the wild-type plastocyanin to 6.0 (in both fittings) for the Pelongs to the upper acidic cluster. Considering the uncertainty
Asp42Asn mutant. Although these changes may at first appearf the calculated individual i, value of 5.5, GluS9 probably
artifactual, they are in fact legitimate and expected. contributes to the isoacidic group having composit€, pf

The modified proton-linkage model (just like the standard ©-3-6.4 in wild-type plastocyanin. 'Cl'he mutation GIu59GIn
model) recognizes only those amino acid residues in separateappreciably changes thekp and [Kg values. As Table 1
proteins that will became perturbed when the proteins combine Shows,my is 2 for this mutant, as opposed to 3 for the wild-
(i.e., associate with each other). Amidation (by mutation) of an type plastocyanin. Evidently, when ionization of Glu59 is
acidic residue in plastocyanin prevents it from forming a salt Prevented (by mutation), the numbeyg of ionizable residues
bridge with cytochromec. A smaller number of residues in  in plastocyanin decreases by 1, and the collective behavior of
cytochromec become perturbed upon association, and conse- the first group of isoacidic residues is altered. It is tempting to
quently, them, and ms values decrease. As the number of conclude that Glu59 is one of the three isoacidic residues in
residues in a group of isoacidic residues in cytochramaries, wild-type plastocyanin. But mutation of Glu59 could perhaps
so does their compositég value. For example, the aforemen- ~ act indirectly, by lowering the Ig, value of some proximate
tioned second group of isoacidic resides in cytochraraeems residue, so that this other residue stays deprotonated over the
to be made up of fewer residues when cytochranieteracts entire pH range and can no longer be detected in Figure 3c.
with Asp42Asn mutant than when it interacts with the wild- Because mutation Glu59GIn lowers the individu#lsvalues
type plastocyanin. In the former case, the composite of the of GIu60 and Asp61 relatively little, by 0.6 and 0.3 units,
individual pK, values in free cytochromeis 6.0; in the latter ~ respectively (see Table 2), a large indirect effect is unlikely.
case, this composite is 6.3 or 6.6. We return to the straightforward conclusion that Glu59 itself is

These changes in thekp and K2 values upon plastocya- & member of the group of isoacidic residues in plastocyanin.

nin mutatiorll.are relativelly small, 0-D.6 pH units. That fitting (75) Sinclair-Day, J. D.; Sisley, M. J.; Sykes, A. G.; King, G. C.; Wright,
to the modified proton-linkage model reveals these expected P. E.J. Chem. Soc., Chem. Commd§85 505-7.
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To test this conclusion, we mutated the adjacent residue, nomena in chemical and biochemical systems. The modified
GIlu60, in an attempt to affect Glu59 indirectly. If our reasoning model, in combination with theoretical calculations &fwalues
is correct, ionization of Glu59 in plastocyanin upon association of individual titratable side chains, can be used to determine
with cytochromec could be suppressed by lowering the composite K, values of those side chains that act concertedly

individual pK, value of Glu59. or approximately so in releasing or taking up" kbns upon
c. Effects of the Glu60GIn Mutation. As Table 1 shows, some change of the system. This information cannot be obtained
this mutant contains fewer isoacidic residues)(than the wild- by NMR and IR spectroscopic methods. The familiar spectro-

type plastocyanin does. A simple explanation would be that scopic titrations yield only the protonation probabilities of
Glu60 in the wild-type protein is one of the residues whose individual residues, the numbéiin eq 8. Our fittings to the
ionization is triggered by association with cytochromeThe modified model yield K, values, which are free-energy
pK value, however, is essentially the same as in the wild-type quantities. To identify isoacidic residues in a protein by
plastocyanln and £, is little perturbed. These last results spectroscopic pH titration, one would have to perform a great
argue against ionization of GIu60 itself upon association. many experiments. Our determination of pH dependence of
Calculated [, of Glu60 is 4.3, probably too low to make association constant is simpler and faster.
this residue a member of the first group of isoacidic residues.  This study, the first application of the modified proton-linkage
Although our experiments alone cannot detect ionization of model, concerns the dependence on pH of the association
Glu60, if it occurs upon association, our experiments in between two proteins. The association constant intricately
combination with calculated individualka values can reveal ~ depends on pH, and these dependencies are different in the cases
effects of Glu60 on other acidic residues in plastocyanin. As of wild-type and mutant forms of one of the proteins. All these
Table 2 shows, mutation of Glu60 to GIn lowers the individual dependences and their differences were consistently explained
pK, of Glu59 by 0.6 and of Asp61 by 1.2 units. The values of and easily fitted with only one or two sets of reasonable
4.9 and 5.2 are probably low enough to preclude detectable parameters in each case. Interpretation of these parameters gave
ionization of Glu59 and Asp61 (as members of the group of much information about the protefprotein interaction. In
isoacidic residues) in the experimental pH range, which begins particular, side chains with anomaloukvalues were found
at pH 5.4. in both proteins. Even though cytochrorm@&nd plastocyanin
Them value of 1 or 2 (in the last two columns in Table 1) are not physiological partners, study of their association revealed
is smaller than them, value of 3 (in the first two columns).  these properties that are relevant to their biological function.
Upon the mutation Glu60GIn, one or two acidic residues in ~ The modified proton-linkage model is general. Besides protein
plastocyanin, most probably residues other than Glu60, ceaseassociation, itis applicable to various pH-dependent interactions,
contributing to the release of Hions upon association with ~ such as binding of ligands to receptors: substrates and cofactors
cytochromec in the pH range covered. According to our to enzymes, proteins to nucleic acids and membranes, antigens
evidence, one of these residues likely is Asp61; the other, if to antibodies, metal ions and small molecules (such as dioxygen
there are two of them, probably is Glu59, as explained in the and nitric oxide) to proteins for transport and storage, and others.
preceding paragraphs. Encouraged by the outcome of this study, we will explore some
Implications for the Function of Plastocyanin and Cyto- of these new applications of the modified proton-linkage model.
chrome c. Plastocyanin carries electrons from cytochrdne
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that this assumption would cause mistakes in the study of Supporting Information Available: Two tables showing

interaction of plastocyanin with its physiological partners. the K, values of titratable residues in copper(ll) plastocyanin
Results in Tables 1 and 2 also suggest that certain basicand iron(1l) cytochrome. Plot showing the dependence of the
residues in cytochrome have anomalously low Ky values. rate constankopson the Glu59GIn concentration, plot showing

This finding may be important, because various cytochrocnes  the dependence on pH of the calculatét, palue, two plots
interact with various physiological partners via the basic patch. showing the dependence on pH of the rate constgatand
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