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ABSTRACT: Isothermal titration calorimetry was used to study the formation of 19 complexes involving
yeast iso-1-ferricytochrome (Cc) and ferricytochrome peroxidase (CcP). The complexes comprised
combinations of the wild-type proteins, six CcP variants, and three Cc variants. Sixteen protein combinations
were designed to probe the crystallographically defined interface between Cc and CcP. The data show
that the high-affinity sites on Cc and CcP coincide with the crystallographically defined sites. Changing
charged residues to alanine increases the enthalpy of complex formation by a constant amount, but the
decrease in stability depends on the location of the amino acid substitution. Deleting methyl groups has
a small effect on the binding enthalpy and a larger deleterious effect on the binding free energy, consistent
with model studies of the hydrophobic effect, and showing that nonpolar interactions also stabilize the
complex. Double-mutant cycles were used to determine the coupling energies for ri@zEcesidue

pairs. Comparing these energies to the crystal structure of the complex leads to the conclusion that many
of the substitutions induce a rearrangement of the complex.

Iso-1-cytochromes (Cc) from the yeasSaccharomyces  tiometric titration experiment2@), and a recent isothermal
cerevisiaeand Cc peroxidase (CcP) are physiological redox titration calorimetry (ITC) study X0) have identified a
partners. Cc, a 12.5 kDa single-domain protein with a second, weak Cc binding site on CcP that was predicted by
covalently bound heme is the penultimate electron-transfer simulation data 19, 20).

protein of the eukaryotic respiratory chain whose main A great deal is now known about the structure of the-Cc

function is to accept electrons from Cc reductase and donateccp complex. In 1987, Poulos et al. reported the production

them to Cc oxidaselj. CcP is a 35 kDa monomer with &  of crystals with a 1:1 molar Cc:CcP ratio, but defined electron
noncovalently bound heme, which undergoes a two—electrondensity for the Cc could not be located). In 1992, Pelletier

oxidation by peroxideZ). The oxidized CcP is re-reduced  anq Kraut reported high-resolution crystal structures for the

to its resting state by two ferroCc molecules in consecutive 5rse Ce-CcP complex and the yeast iso-1-6€cP com-

one-electron steps. . _ plex (25). Both complexes possess one well-defined binding
The Cc-CcP complex is one of the most well studied  gjie o each protein, and the residues shown to be important

_protein_ corr_]plexes. An im_portant role f(_)r electrostatic o, promoting high-affinity binding are found at the crys-
interactions in the CcP reaction was recognized 60 years ag%a|lographically defined binding sites.

from studies of ionic strength dependen8g A high-affinity

Cc—CcP complex was postulated in 1969 and observed hThe dgoal of thfe presff‘t studies is to q_uantt;fy the
in 1971 6). Chemical modification studies in the 1970s thermodynamics of several interprotein interactions between

; i i ; t iso-1-ferriCc and ferriCcP. The interactions involve
identified the positively charged residues on Cc that are yeas
important for forming the high-affinity complex6), while D34, V197, and E_290 on CcP and K87, A81, and K72 on
chemical cross-linking and protection studies helped to CC'_ These Cc _res_ldue§ are part of the crystal_lographlcally
identify the important negatively charged residues on Ccp défined CcP binding site in both the yeast (Figure 1) and
(7, 8). These results have been confirmed by more recenthorse_ C(’LCC.P complexes, but the Cc binding sites on CcP
site-directed mutagenesis studi€s-(7). are slightly d|fferent25). We used ITC 26) to measure the
The pioneering molecular modeling study of Poulos and thermodynamic parameters, protein variants to assess the
Kraut (18) suggested a structure for the complex. A refined contribution of individual residues, and double-mutant cycles
version of this model 2), as well as the results from 27 to examine specific side chairside chain interaction
Brownian dynamics simulationd) and analyses of electron-  €nergies 28-30).
transfer pathway<2(), is generally consistent with the results ~ To ensure that our analyses of the high-affinity site on
from experiment §—17). However, steady-state kinetic CcP are not complicated by binding to other site§ @0—

experiments 21), electron-transfer studie®(, 22), poten- 23), we also studied CcP variants with amino acid changes
at D217, L182, and D148. Modelin@4), dynamics simula-
T This work was supported by NIH Grant GM42501. tions (19), and electron-transfer pathway analyse&d) (
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DMG, dimethylglutaric acid; ITC, isothermal titration calorimetry; WT, SeCQnd Cc biﬂding site. As shown in Fig_ure 1, th_ese Si_de
wild-type. chains are adjacent to the crystallographically defined site,
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Table 1: Thermodynamic Parameters for Protein Pairs That Test the
Crystallographically Defined Binding Site

WT CcP  D34A CcP V197ACcP E290A CcP

no. 5 3 3 3
AH —-264+0.1 -0.94+0.1 -2.3+0.2 —-5.84+0.3
WTCc AG -—-8.1+01 —9.0+£0.7 —6.0+£0.2 —1.94+0.2
AAH 0+01 1.7+01 0.3+0.2 —-3.24+0.3
AAG 0+0.1 -09+0.7 214+0.2 6.2+0.2

no. 2 3 3 3
AH -0.8 -0.7+£0.1 —-0.9+0.2 0to—0.4°
K87A Cc AG -7.2 —-79+03 —6.6+£05 nd

AAH 18+04 19+01 1.7+£02 22+03
AAG 09+05 0.2+03 15+£05 nd

no. 3 2 3 3

AH —-1.14+01 ~0.3b -0.5+01 —-1.2+0.1
K72ACc AG —-7.8+0.2 nd -5.3+0.7 —7.0+0.2

AAH 15+01 29+05 21+04 1.44+0.1

AAG 0.3+0.2 nd 2.8+ 0.7 1.1+ 0.2

no. 3 1 2 2

AH —2440.3 —-0.8 —-2.2 ~—0.2
A81G Cc AG -6.2+04 -8.2 —6.0 nd

AAH 02£+03 18+03 04+03 23+03
AAG 19+04 —-0.1+£05 21+0.5 nd

a Experiments were performed at 26 in 50 mM DMG buffer (pH

FicUrRe 1. Portion of the binding interface taken from the crystal 6-0). The units foH, AG, AAH, andAAG are kilocalories per mole.
structure of the yeast iso-1-€€cP complex 25). The residues no., number of ITC experiments. nd, not deter_mlrﬂalélpr these protein
studied here are numbered, and their side chains are colored yellowPars, the heats were too small to give a reliable fit.

(charged side chains) or green (nonpolar side chains). The porphyrin
rings are colored red.

injection volume was 515 uL depending on the protein
with the closest residue (L182) more than 13 A from the concentrations, but was constant for each experiment. The

defined site. time between injections was 360 s. Experiments were
performed at 28C, with an external water bath temperature
MATERIALS AND METHODS of 20 °C. The calorimeter was calibrated by titratingCGMP

into ribonuclease A as recommended by Microcal. Other
details are given by Wang and Pieldgj.

Error Analysis.Uncertainties imAH andAG are reported
as the standard deviation of the mean from repetition of the

tﬂ;‘g’::ﬂ;ﬁgﬁ (.I\{\r/]? p{j?liihna;nalleo;k;g_r dﬁgéﬁ?ﬂ:ﬁ;i‘;gg@iitexperiment. In all instances, the sample standard deviations
: Q 9 9 obtained from the quality of the fits were smaller than the

Stratagene, La Jolla, CA) was used to construct the mutants, e : :
Eextens%on temperature 0} 7, 16 cycles per reaction). Cc sample standard deviations obtained from repeating the

.. experiment. This observation indicates that the data are well
m#.tar?ts were fr? nstructe? O?hthecgg;_?z(ctlogg ) g_lrz:\smld, fit by the model, and suggests that the uncertainties arise
which carries the gene for the mutaBl){ The from random errors. For experiments that were performed
original plasmid 82) was a g'fF from G.‘ Mauk. CcP mutants fewer than three times, the uncertaintiea\id andAG were
were construct_ed on a plasmid containing the WT CcP 9eNe, yssumed to be0.3 and+0.7 keal mol?, respectively, the
Wh'.Ch was a gift frpm T. Poulos. The DNA sequence of the largest measured uncertainties for experiments performed
entire coding region of each mutant was confirmed by

i ted DNA ina. No additional mutati three or more times (Table 1). The uncertaintiesAiNG
%uuﬁgwae sequencing. No additional mutations Were ,,q AAH were estimated by using standard propagation

Sample PreparatiarRecombinant Cc and its variants were proceduresdg). The uncertainty IMAS was estimated by

expressed and purified from freshly transformed BL21 DE3 ZSAIT—? :tnadniaArcé ptré)rc(:)eudl;]re; tr?] ggﬁi%%g?;?r;hifu?hcs rtGailggSes n
E. coli cells as described by Morar et aB1j. Recombinant g

; . o equation AAS = (AAH — AAG)/T]. Uncertainties for
CCP and_lts variants were v_expressed ano! purified fEbm comparing the distribution AAAG values andAAH values
coli by using a modified versior8@) of a published protocol

(34). The ratio of the absorbance at 408 nm to that at 280 were cqmputed a§ the sample standard deviation.
nm ranged between 1.20 and 1.30, showing that the CcP Coupllng EnergiesAAH; and AAG. were calculated by
has a five-coordinate high-spin hen&5). Aliquots of CcP using eq 1 £9).
crystals were stored in deionized, distilled water-&0 °C _
and dissolved in buffer before use. AAJ, = Adxy = Ad-ny = Adxy—ne T

ITC. Experiments were performed with a Microcal MCS Ay y—nc (1)
calorimeter (Northampton, MA). Solutions were buffered
with 50 mM dimethylglutaric acid (DMG) (Sigma, St. Louis, where J representsH or G, X and Y represent the WT
MO), adjusted with NaOH to pH 6.0. Cc was treated as the residues in Cc and CcP, respectively, and A/G represents a
ligand and injected with a 25@_ syringe, which was rotated  change to alanine or glycine. The contribution of the coupling
at 300 or 400 rpm for the duration of each experiment. The entropy toAAG, (—TAAS) was calculated by using the

Protein Variants.Cc and CcP refer to the ferri forms of
these recombinant proteins expressedestherichia coli
The C102T variant of recombinant yeast iso-1-Cc is termed
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Ficure 2: ITC data for iso-1-Ce CcP binding (25°C, 50 mM DMG, pH 6.0). The upper panels show data after baseline correction. The
lower panels show integrated data corrected for heat of dilumraqd fits to a 1:1 binding modet{). Panel A shows the titration of 1.85
mM WT Cc (8.0uL injections) into 70uM CcP. Panel B shows the titration of 0.95 mM K72A Cc (@l0injections) into 40uM E290A

CcP. Panel C shows the titration of 0.95 mM K72A Cc (12L0injections) into 42uM D34A CcP.

Table 2: Thermodynamic Parameters for Protein Pairs Designed To | the studies reported here, we used a recombinant version
Test Other Cc Binding Sites on CtP of the C102T variant expressed ki coli (32). The C102T

D217ACcP  L182ACcP  Dlasaccp  Vvariant from yeast is structurally identical to the authentic
WT protein 88—40), but is not prone to dimerizatiod{).

Zc,’_"b _3.§i 0.2 _4_61 0.3 _2_73i 02 TheE. coli-expressed C102T variant is also monomeric and
WTCcP  AG 77401 -744+402 —-7.8+0.1 structurally identical to the C102T variant from yeas®)(
AAH  -03+02 —-14+04 -0.1+02 but K72 is unmodified §2). This lack of modification does
AAG 04+02 0.7£0.2 03+0.2 not affect in vivo stability or function43, 44), but it does
a Conditions are the same as those described in Tadi&lamber decrease thekpof the alkaline transition from-8.6 to~8.0
of ITC experiments. (32). This change in K does not affect our results because

the pH used in the present studies, 6.0, is much lower than
equation AAG;, = AAH; — TAAS. Uncertainties were  the K.

estimated by using standard procedui@®).( We previously studied the interaction between authentic
C102T iso-1-Cc and CcR38). Under the same conditions
RESULTS AND DISCUSSION used here, the stoichiometry, enthalpy, and free energy of

Three ITC data sets are shown in Figure 2. Panel A showscomplex formation are 0.9 0.02,—6.2+ 0.3 kcal mot*,
high-quality data representative of most of the experiments. and—8.1= 0.1 kcal mot*, respectively. Comparing these
Panel B shows the lowest-quality data that could be reliably values to those for th&. coli-expressed protein (Table 1)
fit to the binding model. Panel C shows a data set that could Shows that deleting the K72 methyl groups increasés
not be fit. The parameters derived from all the titrations are by 3.6+ 0.1 kcal mot™, but has no effect oAG.
summarized in Tables 1 and &G, AH, andAS represent Removing the K72 methyl groups makes the binding
standard state values, where the standard state refers to 1 Nsurface of recombinant iso-1-Cc more like that of horse Cc,
reactants and products at pH 6.0, and are presented in termbut the thermodynamics of complex formation remains
of complex formationAAG, AAH, andAASare presented  distinct. Specifically, binding is exothermic for the reactions
as the values for a complex minus the values for the WT of WT CcP with authentic C102T iso-1-C83), recombinant
Cc—WT CcP complex. The results are reported as averagesC102T iso-1-Cc (Table 1), and variants of recombinant
when multiple experiments were performed. See Materials C102T iso-1-Cc (Tables 1 and 2), but binding is endothermic
and Methods for a complete description of error analysis. for the reactions of CcP and its variants with horse CE (

Authenticversus Recombinant Yeast Iso-1-@aithentic 45). Therefore, removing the K72 methyl groups does not
yeast iso-1-Cc, which contains a trimethylated lysine at convert the iso-1-CeCcP complex into the horse E€cP
position 72 26), was used in the crystallographic stu@py. complex.

This protein also contains a free cysteine at position 102, StoichiometriesAlthough 2:1 Ce-CcP binding has been
which causes covalent homodimer formation in solut®n.( detected by other techniqued0(-23), and in ITC studies
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of the horse Ce CcP complex10), we find no evidence of  change ilrAG depends on the location of the residue. In seven
2:1 binding for the yeast CeCcP complex under the of the eight examples in which one charged residue is
conditions used here. We fit our ITC data to models with changed to alaniné\H increases by an average of 1.8 kcal
both 1:1 and 2:1 stoichiometries. In all instances where mol~* with a standard deviation of only-0.3 kcal mof.
sufficient heat was evolved to allow analysis, the data were This sigh ofAAH suggests that complementary electrostatic
well fit by a 1:1 model, and could not be fit by a 2:1 model. interactions impart enthalpic stabilization. The constant value
The average stoichiometry for five trials involving the WT of AAH is more difficult to explain, but this finding suggests
proteins is 1.06t 0.04, and the average for all 53 titrations that individual charge charge interactions contribute equally
is 1.024+ 0.01, with a range of 0.881.16. Furthermore, if ~ to AH. The situation is completely different f&AG, which

a low-affinity site existed, disrupting an interaction at the ranges from 2.1 te-0.9 kcal mot?. The large range shows
high-affinity site might be expected to increase the contribu- that the entropic contribution depends on the location of the
tions from lower-affinity sites 10), but such contributions  substituted residue.

are absent. Given the protein concentrations used here, we The data for formation of the WT GeE290A CcP

could not detect a second binding site |[KH| < ap- complex are the exception to the above observation about

proximately 0.5 kcal mot* or if AG > approximately-1.5 AH. For this pair,AH decreasedy 3.2 + 0.7 kcal mot?

kcal mol™*. However, our data provide no information about  compared to that of the WT pair. The residue following E290

possible kinetic roles for weak sites. in CcP is D291. We speculate that changing E290 to alanine
Other Binding SitesOur goal is to analyze the crystallo-  allows D291 to form a new, enthalpically stabilizing interac-

graphically defined yeast Cc binding site on CcP. To ensuretion with a positively charged residue on Cc. This new

that the high-affinity site on CcP does not include residues interaction would be expected to disrupt the alignment or

from the other proposed sites discussed in the introductorythe solvation of the two proteins. Such a disruption would
section, we studied the reactions between Cc and the D217A,be expected to decrease the Stab|||ty of the Comp|eX, as is

L182A, and D148A variants of CcP. As shown in Table 2, gpserved. As discussed in the section about coupling

the D217A and D148A variants do not affect binding. We energies, mutation-induced rearrangements appear to be

conclude that D217 and D148 are not part of the high-affinity present in several of the complexes, especially those involv-
binding site. The L182A variant has a small effect &G ing the E290A variant.

and a larger effect olH, but L182 is the closest of these

three residues to the crystallographically defined site. Taken
together, these observations suggest that our analysis will
not be affected by binding at these other sites. We now turn

to analysis of the crystallographically defined binding site but the charge on the complex is held constant (WTF-Cc

(Table 1). V197A CcP, A81G Ce'WT CcP, and A81G CeV197A

Analysis of AG, AH, and AS. Complex formation is CcP). For these complexes, bothAH and AAG are
exothermic in all instances where binding could be evaluated, .\ <to0t 0 3k 0.1 and 2.0+ 0.1 keal mot respectively

but|AH| is greater thanAG|, with one exception (the WT but AAH is nearly zero. These results are consistent with
.CC_E290A .CCP complex). Therefore, complex for.matlon what is known about the hydrophobic effedt); AH is

IS mo;tly drlven.by a favorab_le entropy change. Given the nearly zero for transferring a nonpolar group from water to
entropic penalty incurred by bringing two molecules together, a nonpolar liquid at room temperature, while the free energy
this favorable entropic contribution suggests an important of transfer is unfavorable. Like the m(’)del studies, burial of

role for solvent reorganization. iy )
) nonpolar groups stabilizes the complex by decreasing the
We could not determin\G values for three of the 16 entropy of complex formation.

protein combinations shown in Table 1 (K87A €E290A . .
CcP, K72A Ce-D34A CcP, and A81G GeE290A CcP) In summary, both electrostatic and nonpolar residues are

becausé\H approaches zero (Figure 2C). Wh&Hl is near important for stabilizing the complex. However, it is not
zero, weak binding cannot be differentiated from strong possible to state which type of interaction is more important

entropy-driven binding. We assume that binding is weak for Pecause the effect of changing charged residues depends on

these three complexes because other protein combination{"€ location of the charge. o _ .
harboring at least one of these variants yield interpretable Coupling EnergiesNine interprotein interactions (Figure
ITC data. The three instances all involve the change of at 1) were quantified by using double-mutant cycl2g-30).

least one charged residue, consistent with the idea thatln this approach, the side chains of both residues are
electrostatic interactions are important for stabilizing the truncated and the thermodynamics of the interactions between

complex. all four protein pairs is determined. Equation 1 gives the
Analysis 0fAAG, AAH, andAAS.As shown by the data  coupling free energyAAG, and the coupling enthalpy,

in Table 1, nearly all the targeted residues stabilize the AAH.. The entropic component, TAAS; is evaluated from

complex. From this observation, we conclude that the high- AAH: and AAG by using the Gibbs equation. The results

affinity site includes the crystallographically defined site, a are shown in Table 3.

conclusion consistent with all studies of complex formation  Provided that the assumptions inherent in this analysis are

between Cc and CcRB{17, 46—48). valid, a negative coupling energy suggests that the interaction
The data in Table 1 also provide more specific information stabilizes the complex, while a positive value suggests

about the contribution of charged and nonpolar residues destabilization. Comparing coupling energies to the crystal

located at the interface. Changing a charged residue to alaninestructure of the complex then reveals relationships between

causes a constant and destabilizing chang&Hh but the energetics and structure. Such analyses have provided

Burying nonpolar residues at the interface also stabilizes
the complex, but for these residues, there is a uniform
contribution toAS Table 1 shows data for three complexes
where one, two, or three methyl groups have been removed
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structural changes by substituting large residues with small

Table 3: Coupling Energiés . - - )
residues so as not to increase steric bulk. Changes in

residue pair (Ce CcP) AAH “TAAS AAGe hydrophobic solvation are also difficult to prove, but because
ﬁg;:\?%‘? :é-gi 8-3 711-fi (1)-8 J’gi 8-57’ they are often accompanied by enthatigntropy compensa-
K87—E290 36105 nd d tion (52), the observation thgAAH.| is much greater than
K72—D34 ~1.0+03 nd nd |AAG| provides an indicatior2@). Changes in the solvation
K72-V197 0.3+0.3 0.1+ 0.8 0.4+ 0.8 of charged groups can also complicate interpretation if the
K72—-E290 3.1+04 -85+05 -54£04 substitutions affect complex-induced changeskn($3, 54).
ﬁgi:\?i} :gjii 8:‘51 :i:gi é:g :i:éi (1):3 Such effects cannot be ruled out because we studied complex
A81—E290 5.3+ 0.5 nd nd formation at a single pH.

@ The units for coupling energies are kilocalories per mole. nd, not Additional Caeats. Inte_rpretatlon Can be dlf_ﬂcu't even
determined because one of the parameters is missing (see Table 1). When the above assumptions seem valid. For instance, Pons
et al. @0) showed that interpretin§ AG; for the interaction
between oppositely charged residues separated by less than
8 A in terms of electrostatics is confounded by the fact that
nonpolar interactions are also disrupted by changing a large
) . charged side chain to a small uncharged side chain. Fur-

(1) The Structure of the Indidual Proteins Does NOt  harmore, Lockless and Ranganathan have observed evolu-
Change upon Complex Formatioff.a structural change  (ionarily conserved coupling between residues separated by
occurs, then the coupling energies contain contributions from .00 tha 8 A (55). Finally, Mark and van Gunsteren have

both the structural change and binding. This complication \yrned against over interpretimgAG, and AAS, because
is probably not important for the CaCcP complex because,  gecomposition 0AAG, in terms of specific interactions is
except for a few surface side chains, the structures of Cc ¢ possible §6), but this idea is controversia?9, 57, 58).
and CcP in the complex are the same as the structures Olyjih these issues in mind, we tumn to the analysis of the
the individual p_rote|ns.2(5). o coupling energies (Table 3).

(2) The Amino Acid Substitutions Do Not Alter the  kg7-D34. AAG, for this interaction is indistinguishable
Structure of the Indiidual Proteins.This assumption should  from zero, despite a significant and stabilizidgAHe. In

be valid because the substitutions are on the protein surfacesygies of the barnaséarstar complex, the observation of

valuable information about protein complex@8<{30), but
it is important consider the assumptions, which are discussed
below.

solvent than with the protein interior. despite the fact thakAG. is near zero was taken as evidence
(3) The Model Used To Fit the ITC Data Reflects the for local solvation changes accompanied by enthalpy

Equilibrium Mechanism of Complex Formatiomhis as- entropy compensation29). Taken at face value, these

sumption is important for interpretingAG. and —TAAS observations suggest that the side chains must be separated

(interpretingAAHc is model-independent becausel isthe by more than 8 A. However, inspection of the structures
difference between the horizontal baselines in Figure 2B). shows that they are separated by 3.8 A in the yeast Cc
The fact that the data can only be fit by a 1:1 model (Figure complex (Figure 1) and by 5.3 A in the horse Cc complex.
2) suggests that our simple binding model is appropriate. It These observations suggest either that the crystal structure
must be borne in mind, however, that the calorimetric and the solution structure of the complex are different or
enthalpy for the WT pair does not equal the van't Hoff that a rearrangement has occurred in one or more of the
enthalpy 83), an observation also made for other reactions variant-containing complexes. Since an interaction between
(50). These differences suggest the model used to determinek87 and D34 is suggested in many other stud2s5(8,
the van't Hoff enthalpy is inappropriate, but the source of 19, 20, 25), a rearrangement seems more likely because
the difference is unknown5(). For the purposes of this  nearby residues (K86 on Cc and D33 and E35 on CcP) could
paper, we assume that the simple model is correct. replace the K8%D34 interaction.

(4) The Crystal Structure of the Complex Is the Same as  K87—V197.AAG:; for the K87-V197 pair is—1.5+ 0.7
Its Solution StructureAlthough this assumption can only  kcal mol?, suggesting that this interaction stabilizes the
be completely tested by determining both structures, ancomplex. However, inspection of the structures shows that

indication of its validity comes from comparingyAG; to the side chain atoms on these residues are separated by more
the distance between the two residues. In several studiesthan 16.7 A. These results suggest either that the solution
residues more tme8 A apart do not exhibit significatAG, and crystals structures differ, that the residues are involved

values £8—30). A second indication comes from comparing in a long-range interaction, or that at least one of the amino
the structure to the results of solution-based cross-linking acid substitutions causes a rearrangement. Unfortunately,
studies. The observation that interprotein interactions presenthere is no way to decide between these alternatives.
in the crystal are also present in cross-linked areas supports K87—E290. AAG, could not be calculated becaud&
the assumption of structural identity. The results from cross- for the K87A Cc-E290A CcP variant cannot be determined
linking the horse Ce CcP complex are consistent with its  (Table 1). If we assume tha&G is greater than or equal to
crystal structure, 8). the estimated detection limit-(L.5 kcal moi?), AAG. would

(5) The Amino Acid Changes Do Not Induce a Rearrange- be at least-0.5 kcal mof?. In the crystal structures, the
ment of the Structure or Saltion of the ComplexThere is side chains are separated by more than 16.7 A. These
no easy way to define structural changes short of structuralobservations suggest that the interaction is unimportant
analysis, but comparingAG; to the distance between the because the residues are far apart, but analysi&/Adfl
residues provides confidence. We have attempted to avoidprovides additional insight. The positive value/oAH. (3.6
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+ 0.5 kcal motl?) suggests that the interaction is enthalpically
destabilizing One would expect that interactions between
oppositely charged residues would be enthalpically stabilizing
even at distances of more th8 A (29). We conclude that

Biochemistry, Vol. 40, No. 2, 2001427

oxygen atoms on E290 and tlfiecarbons of A81 is more
than 9.4 A. Given this distance, the large posit&vAH,,

and our conclusions about other E290 interactions, it seems
likely that one of the amino acid substitutions causes a

at least one of the substitutions causes a rearrangement. Aearrangement.
rearrangement is consistent with the presence of other nearby

charged residues (K86 on Cc and E291 on CcP).
K72—D34. AAH; is negative, butAAG; could not be
calculated becausAG for one complex could not be
determined (Table 1). If it is assumed thaG is greater
than or equal to the detection lImiAAG, would be>7.2
kcal moll, an extremely large and positive value. In both
crystal structures, the atoms on these residues are separat

by more than 16.9 A. These observations suggest either tha

the crystal and solution structures differ and the K334
interactiondestabilizeghe complex or that at least one of
the amino acid substitutions causes a rearrangement.

rearrangement seems more likely because, even if the

structures differ, a lysineaspartate interaction would be
expected to stabilize the complex. A third explanation, that
salt bridges impart specificity, not stability, is also reasonable,

but a rearrangement seems more likely because of the local

availability of other charged residues (K73 on Cc and D33
and E35 on CcP).
K72—V197.For this pair, all the coupling energies are

indistinguishable from zero. The distance between the nearestg

y-carbon on V197 and the side chain nitrogen atom of L72
is 5.2 A in the yeast Cc complex. The simplest explanation
is that the K72-V197 interaction is not important for
complex formation.

K72—E290. This residue pair gives the most negative
measuredAAG, (—5.4 & 0.4 kcal mot?). The shortest

A

CONCLUSIONS

The high-affinity binding sites on Cc and CcP correspond
to the crystallographically defined interface between the two
proteins, and two alternative Cc binding sites on CcP do not
interfere with our study of the high-affinity site. Comparison
(g the data for the variants that probe the high-affinity site
0 the data for the recombinant WT complex reveals two
patterns. First, the enthalpic effect of changing a charged
residues is constant and destabilizing, but the entropic effect
depends on the location of the substitution. The one exception
suggests that some of the substitutions change the structure
or the solvation of the complex. Second, changing nonpolar
residues imparts an inconsequential enthalpy change and a
larger destabilizing entropy change, as is expected from
fnodel studies of the hydrophobic effect. Coupling energies
were determined for nine residue pairs. For seven pairs, the
data are most consistent with mutation-induced rearrange-
ments of the complex caused by the availability of other
harged residues close to the sites of the amino acid
ubstitutions.
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the nearest side chain oxygen atom of E290 is 10.3 A in the

yeast Cc complex and 3.2 A in the horse complex. The
simplest explanation is that K72 and E290 form a stabilizing
interaction because the orientation of the K72 side chain in
the yeast Cc complex in solution is slightly different from
its orientation in the crystal. As for the K&E290 interac-
tion, AAH. is large and positive, which is unexpected for

an interaction between complementary charged residues. We
conclude that a rearrangement has occurred because of the 4:

other charged residues in the vicinity of both K72 and E290.
A81-D34.AAG:. is slightly stabilizing, and atoms on these

residues are separated by more than 16.7 A in both structures.

We conclude that the interaction between A81 and D34 is
not important.

A81-V197. This interaction involves two uncharged
residues.AAG. is —1.9 £ 0.7 kcal mot?, and all the
stabilization arises froMAS.. In the yeast Cc complex, the
B-carbon of A81 is 4.4 A from the nearestcarbon of V197
(the distance between the closgstarbon of 181 of horse
Cc and the nearest-carbon of V197 is 7.4 A). A large
entropic contribution and a small enthalpic contribution are
exactly what is expected from the hydrophobic effet9)(

We conclude that the interaction stabilizes the complex by
the mutual and specific burial of nonpolar surface.

A81—-E290. AAG:, for this pair could not be calculated
because\G for the A81G Ce-E290A CcP complex could
not be determined (Table 1). If it is assumed thdd is
greater than or equal to the detection linAtAG. would be
at least—1.5 kcal mot™. The closest approach between the
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