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ABSTRACT. The catior-u interaction between positively charged and aromatic groups is a common feature
of many proteins and protein complexes. The structure of the complex between cytoaar(oyiec,)

and the photosynthetic reaction center (RC) fiehodobacter sphaeroidexhibits a catiorr complex
formed between Arg-C32 on cgt and Tyr-M295 on the RC [Axelrod, H. L., et al. (2002) Mol. Biol.

319 501-515]. The importance of the catiemr interaction for binding and electron transfer was studied

by mutating Tyr-M295 and Arg-C32. The first- and second-order rates for electron transfer were not
affected by mutating Tyr-M295 to Ala, indicating that the cationcomplex does not greatly affect the
association process or structure of the state active in electron transfer. The dissociation Eprsttanted

a greater increase when Try-M295 was replaced with nonaromatic Ala (3-fold) as opposed to aromatic
Phe (1.2-fold), which is characteristic of a catiominteraction. Replacement of Arg-C32 with Ala increased

Kp (80-fold) largely due to removal of electrostatic interactions with negatively charged residues on the
RC. Replacement with Lys increaskd (6-fold), indicating that Lys does not form a cation complex.

This specificity for Arg may be due to a solvation effect. Double mutant analysis indicates an interaction
energy between Tyr-M295 and Arg-C32 of approximatel®4 meV 0.6 kcal/mal). This energy is
surprisingly small considering the widespread occurrence of catictomplexes and may be due to the
tradeoff between the favorable catiem binding energy and the unfavorable desolvation energy needed
to bury Arg-C32 in the short-range contact region between the two proteins.

Noncovalent molecular interactions play an important role electron transfer from a special bacteriochlorophyll dimer,
in molecular association processes in biological systdms (D, the primary donor, through a series of bound electron
3). Among these interactions are hydrogen bonds, hydro- acceptors to a bound ubiquinoneg]QThe photo-oxidized
phobic interactions, and ion-paired salt bridg@s3). In donor (D") is reduced by electron transfer from a water
addition to these, the catienr interaction, the short-range  soluble cytc,, allowing electrons to flow through a membrane-
electrostatic interaction between a positively charged cation associated electron transfer chain in a cycle that is coupled
ands electrons in an aromatic groug)( has been found to  to proton pumping that drives ATP synthesis. Operation of
play a role in biological systems. The catiam interaction the photocycle relies on efficient reactions between the
is important in ligand binding), in protein structuresg, mobile cytc, and the membrane-bound RC. For efficient
and in protein-protein complexes?). This work concerns  operation, cytc, must associate with the RC, transfer
a cation-x interaction found in the interface between the electrons, and dissociate within the time scale of electron
cytochromec, (cyt cp)! and the reaction center (RC) of turnover in the cycle{1072s) (12).

RhodobactefRb.) sphaeroideshat is formed between Arg- The binding and electron transfer rates of isolatedogyt
C32 on the cytc, and Tyr-M295 on the RC8). The and the RC have been extensively studied using laser pulse
importance of this cations interaction with respect to the  kinetic measurementd8-18). The reduction of oxidized
binding and electron transfer reactions between the two donor D" by reduced cyt, shows two kinetic phases fol-
proteins was studied by site-directed mutation of both Arg- lowing a single laser flash: a fast (microsecond) first-order
C32 on the cytc; and Tyr-M295 on the RC. phase (independent of cgt concentration) due to electron

The RC @, 10) is a membrane-bound pigmetrotein transfer from bound cyt, to the photo-oxidized donor of
complex in photosynthetic bacteria that performs the initial the RC and a slower (millisecond) second-order phase (de-
light-induced electron transfer reactions to convert sunlight pendent on cyic, concentration) due to the binding and
into chemical energyl(). Light absorbed by the RC induces subsequent electron transfer of free gytThe observed bi-
phasic kinetics can be explained by the following schebie (
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Ficure 1: Cation-u interaction in the REcyt ¢, complex [PDB entry 1L9B&)]. RC subunits L, M, and H are colored yellow, blue, and
green, respectively. The primary donor (bacteriochlorophyll dimer) of the RC is colored red. Theoojored lavender binds with its
heme cofactor (red) just above the primary RC donor. Tyr-L162, in contact with both cofactors, is colored green. Arg-C32 (blug) of cyt
and Tyr-M295 (purple) of the RC form a catietr interaction in the docked complex. This interaction is enlarged in the box at the right;
the view was slightly changed to better emphasize the interaction.

rate constantk is the dissociation rate constant, dads transfer in the bound state. In the central region, the residues
the electron transfer rate constant in the bound state. Thefrom the two proteins make contact through van der Waals
equilibrium between bound and free oyt is achieved in and hydrogen bonding interactions as well as the cation
the dark. Following a laser flash, the re-reduction of iy interaction (Figure 1). The shortest distance between the
cyt c,?t is biphasic. RCs with a bound cgi undergo rapid positively charged guanidinium group of Arg-C32 and the
electron transfer with a rate const&a{~1 s™1) (14). RCs phenolic group of Tyr-M295 is less than 4 A, characteristic
without a bound cytc, undergo slower diffusion-limited  of a cation-z complex @). Surrounding the central region
electron transfer with an observed second-order rate constanbf close contact is a solvent-separated region having posi-
ko (~1®° st MY (18). Sinceke > ko (19), the observed  tively charged residues on the cgt positioned opposite
second-order rate constant is the association kate Kon) negatively charged residues on the RC interface between the
(20). The fraction of RCs with a bound cyt, can be two proteins. The charged residues do not form salt bridges
determined by the ratio of the fast and slow phases. Thebut are separated by solvent.
dissociation constarp can be determined from a plot of In this work, the functional role of the catienr interaction
the fraction of RCs with bound cyb versus the free cyt, in the binding, association, and electron transfer between cyt
concentration. The importance of electrostatic interactions ¢;>" and the RC is addressed to answer the following
for binding and electron transfers between cytand the guestions. (1) What is the magnitude of this interaction? (2)
RC has been established by the ionic strength dependencés this interaction important for the association of cyaind
of ky (13), the effect of site-directed mutation of charged the RC? (3) Is it important for interprotein electron transfer?
residues 17, 21), chemical cross-linking 22—24), and To answer these questions, site-directed mutants of the RC
electrostatic modelingl6, 25, 26). Hydrophobic interactions,  (at Tyr-M295) and cytc, (at Arg-C32) were constructed.
particularly those of Tyr-L162 on the RC, have been shown Mutants were created that replaced aromatic residue Tyr-
to be important for binding and electron transf&s,(27). M295 on the RC with either aromatic or nonaromatic
The structure of the cyt,—RC complex was obtained by ~ esidues and replaced cationic residue Arg-C32 oncgyt
cocrystallizing the two proteins in a photochemically active with either the cationic Lys re5|d_ue_or neutral residues. The
complex and determining its X-ray crystal structusk The effects of these mutations on b_|nd|ng and (_alectron transfer
structure of the complex shows the binding site to be between'a{€s were measured by transient absorption spectroscopy
the cytc, and the periplasmic surface of the RC with a central USing flash photolysis and compared to native values.
short-range contact region in which the exposed heme edg
is in contact with Tyr-L162, directly above the BChl dimer "MATERIALS AND METHODS
(Figure 1). The close contact between the two proteins Site-Directed Mutagenesi$he site-directed mutations on
provides an efficient tunneling pathway for fast electron the RC were constructed as previously described using the
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QuickChange mutagenesis kit (Stratagene) and a Perkin-constant ;) was determined from the concentration depen-
Elmer PCR system2@). The site-directed mutation on the dence of the measured rate constant for the slow phase of
cyt c; gene were constructed as follows. FitstcA the gene D* re-reduction. When the concentration of cytis large
encoding the cyt; protein, was transferred on a 2.7 Rist compared to that of the RC, the reaction becomes pseudo-
fragment from pC2P404.118) to pBCSK) (Stratagene,  first-order in cytc,. To maximize the concentration range
La Jolla, CA), creating pB&/cA Mutations were introduced  over which this condition holds, the RC concentration was
into the plasmid via the QuickChange mutagenesis kit as kept low (0.2uM). The first-order electron transfer rate
discussed above. The mutation was confirmed by DNA constantsk) were measured at 595 nm with a higher RC
sequencing [University of California at San Diego (UCSD) concentration (M RC and 30uM cyt ¢;). With no cytc;
Molecular Pathology Shared Resource in the UCSD Cancerpresent, some mutant RCs produced a small transient signal
Center]. ThePst fragment carryingcyc Awas transferred  at this wavelength, which was subtracted from the observed
into pRK404, creating pRKcycA*. pRKcycA* was trans-  kinetic trace.

formed into S17-1 and conjugated into CYCAL, tRé. Determination of the Cationz Interaction Energy by
sphaeroidesost lackingcyc A (29), for transcription and Double Mutant AnalysisThe specific catiors interaction
translation of the modified gene sequence. energy can be estimated by double mutant analysis of

Protein Isolation and PurificationThe bacteria harboring  changes due to mutation of Arg-C32 and Tyr-M295. The
the modified RC or cyt, gene were grown in the dark as relation of the changes in free energy due to mutation and
described previously2g8). RCs fromRb. sphaeroidesaro- the cation-xr interaction energy is illustrated by the double
tenoidless strain R26 (native) and mutant strains were isolatedmutant cycle 81—33). The interaction energy between two
in 15 mM Tris-HCI (pH 8), 0.025% lauryl dimethylamine residues can be estimated by the interaction enAyGin:
N-oxide (LDAO), and 0.1 mM EDTA following published
proceduresZ8). The final ratio of absorbancédsdAso) was AAG;; = AAGyg — AAGy — AAGg =
<1.5. The RC samples were then dialyzed for 2 days against
HM [10 mM Hepes (pH 7.5) and 0.04% dodecgtp- —RTIn
maltoside (Anatrace)].

Native and mutant cyt, proteins were isolated and
purified as previously reporte®@). Samples were purified
to anAgsy/As12 @absorbance ratio af0.3. Mass spectroscopy
was performed (UCSD Department of Chemistry, mass
spectrometry facility) to verify the Arg-C32> GIn and Arg-
C32— Lys substitutions in the mutant cgt proteins.

Quinone/Quinol Preparation®uinone (Q) (2,3-dimeth-
oxy-5-methylbenzoquinone) was obtained from Aldrich in

299% pur.ity. Quinol (QHZ).WaS synthesized by _reducing The change in free energy due to mutation of Tyr-M295
quinone with hydrogen gas in the presence of platinum black, is assumed to be due to contributions from the cation

Whlgh ¥vas _?ISO cf)btal\l/lned from AI%:Chk. i f elect interaction of Tyr-M295 with Arg-C32 AAGca,) and
ectron Transfer Vieasurementie kinetics ot electron nonspecific interactions with other residuesAGyx).

transfer between the RC and aytwere measured by flash
absorption spectroscopy as described previoudly. (Ab- AAG, = AAG,,, , + AAGy (4)
sorbance changes were measured at 865 or 595 nm following ’

a laser flash from a Nd:YAG laser with a tunable optical The major contributions tAAGea: - are the increase in free
parametric oscillator (Opotek, = 800 nm,z = 10 ns). All energy due to the loss of the catien interaction and the
measurements were conducted at°23in a buffer of 10 gecrease due to the loss of the solvation penalty; it will also
mM Hepes and 0.04%-maltoside at pH 7.5. Samples include changes in other specific interactions between the
included 50uM Qo and QH to ensure that the cyb was o residues such as those due to van der Waals contacts.
reduced prior to each laser flash. These cannot be separated in this analysis.

The fraction of RC with and without a bound ayt" were The change in binding free energy due to mutation of Arg-
determined from the relative amplitudes of the fast and slow 32 (AAGR) is assumed to have contributions fra Gea -
phases of the reduction of Dby the cyt &*". The  perween Arg-C32 and Tyr-M295 and interactions between
concentration of free cyt,>" was obtained by subtracting Arg-C32 and other residues on the REAGgy). In addition,
the concentration of bound cgt?* from the total concentra- e specifically include an additional termAGeiee; Which
tion that had been added. The value of the dissociation s que to the electrostatic interaction of positively charged
constant Kp) was determined from the dependence of the Arg-c32 with the negative potential of the RC surface that

KD,YKD,R (3)

KD,OKD,YR

where AAGy and AAGg are the changes in free energy
obtained for the binding reactions of RCs modified at Tyr-
M295 to native cyftc, and cytc, modified at Arg-C32 with
native RCs, respectively, amiAGyr is the change in free
energy for the binding between the modified RC and
modified cytc,. Kp v, Kpr, andKp yr are the corresponding
changes in the dissociation constdfy,q is the dissociation
constant of native cyt, and RC.

fraction bound on the concentration of free cyt". The is lost due to mutation to a neutral residue X.
change in free energy due to mutation of residueas
obtained from the following relation as described in 1&f AAGR = AAG, , + AAG o+ AAGgy  (5)
AAG = RTlnﬁ ) The change in free energy due to the mutation of the two
: Kb.o interacting residuesAAGry) can be expressed as

whereKp; andKp o are the dissociation constants for mutant  AAGgry = AAG,, , + AAGy e+ AAGRy + AAGyy
and native complexes, respectively. The second-order rate (6)
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Ficure 2: Binding data for the native cyd, with the native and
mutant RCs. Shown is a plot &fthe fraction of RC with a bound
cyt c,, vs the concentration of free cgi?™. Data for binding of
cyt c; to RCs with an aromatic residue at position M295 are shown
as filled symbols [nativel), Tyr — Phe @), and Tyr— Trp (a)].
Data for binding of cytc, to RCs without an aromatic residue are
shown as empty symbols [Tyr Leu @), Tyr — Asn (O), and
Tyr — Ala (a)]. The solid lines are the binding curves using the
average value oKp for the aromatic (0.34M) and nonaromatic
(0.86uM) mutant RCs. Note th&p values for all of the aromatic
residues at position M295 are within error indistinguishable.
Similarly, Kp values for all of the nonaromatic substitutions are
within error indistinguishable, but differ by3-fold from the native
value. Conditions: 10 mM Hepes (pH 7.5), 0.04%4naltoside,
50 uM Qq, and 50uM QqH,.

where it is assumed that the interactions changed by single
mutations are the same in the double mutation; i.e., the

structure of the complex containing single mutations is the

same (apart from the local changes to the mutated residue)ative

as that containing both mutations. From eqs63 the
interaction free energy between the mutated residues is th

negative of the free energy increase due to loss of the Tyr-M295— Leu

cation—s interaction.
AAG,, = (7)

Thus, the cationr interaction energy can be obtained from
double mutant analysis.

- AAGcaFJr

RESULTS

Dissociation Constants (. Kp and AAG values were
obtained from the dependence of the fraction of the RC with
a bound cyt; on the free concentration of cgt. The binding

curves are presented in Figures 2 and 3, and the results are

summarized in Table 1.
Reaction Center Mutationdlutation of Tyr-M295 on the

Paddock et al.
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Ficure 3: Binding data for cytc, mutants that lack the cationic
Arg-C32 with the native and mutant RCs lacking theystem at
position M295. Diamonds represent data for the mutation of Arg-
C32to Lys, and circles represent data for the mutation of Arg-C32
to GlIn. Filled symbols are for binding of the mutant ytto the
native RC. Empty symbols are for binding of the mutant gyto

the Tyr-M295— Leu mutant RC. The binding curve for the native
system is shown for reference. Note that the binding of the mutant
cyt ¢, is essentially the same to either the native or mutant RC,
indicating that the mutations introduce little if any secondary change
that affects the binding. Conditions were those described in the
legend of Figure 2.

Table 1: Binding and Electron Transfer Parameters for Single and
Double Mutant Reactions of RCs Modified at Tyr-M295 and Cyt
Modified at Arg-C32 (pH 7.5

ke ka
(x1F (x10® Kp AAG
RC strain cytc, s Misl) (uM) (meV)
native 1.0 131 0.30 0
Tyr-M295— Phe native 1.1 134 0.38 6
Tyr-M295— Trp native 0.9 12.5 0.44 10
eTyr-M295 — Asn native 1.0 13.2 0.78 24
native 0.9 131 089 28
Tyr-M295— Ala native 1.0 121 0.91 28
native Arg-C32—Lys 0.9 4.6 1.7 44
native Arg-C32—~GIn 0.6 78 15 100
native Arg-C32—Ala 0.8 6.1 24 112
Tyr-M295— Leu Arg-C32—Lys 0.9 3.4 1.8 46
Tyr-M295— Leu Arg-C32—GIn 0.6 7.1 17 103
Tyr-M295— Ala Arg-C32— Ala 0.7 6.7 31 118

a ke is the rate constant for the fast, first-order electron trankies.
the second-order rate constald is the dissociation constant for the
cyt c;—RC complex AAG = RTIn(Kp,/Kp ), which is the difference
in binding free energy between the mutant and native RCs. The
experimental precision for the measured values of the rateKansl
+15%. The uncertainty in the free energieshS meV.

M295. The larger changes in free energy (100 and 112 meV)
due to the mutation of the cationic Arg to neutral GIn and

RC to aromatic residues Phe and Trp had small effects onAla, respectively, result from the additional loss of stabilizing

Ko (increases by factors of 1.3 and 1.5, respectively),

electrostatic interaction between Arg and the negative

indicating that these aromatic residues can also participatepotential due to acidic residues on the RC surfdca.

in a cation-s interaction with Arg-C32. Mutation of Tyr-
M295 to Asn, Leu, and Ala produced larger change&gn

Second-Order Association Rate Constantg. (Becond-
order rate constants were obtained from plots of the observed

(up to a factor of 3). The changes in free energy due to thesekinetic rate against the concentration of free cy(17, 31).

mutations increased up to a maximuyAG of 28 meV for
Tyr-M295 to Leu and Ala mutations. The free energy
changes can be attributed largely to the loss of the cation
interaction.

Cytochrome Mutationgviutation of Arg-C32 to Lys, Glin,
and Ala increase®p by factors of 5.6, 50, and 80. These

Mutant RCs had the same second-order rate constant within
experimental errong = 12—13 x 10°* M~ s7%) as the native

RC for the native cyt,. The mutations to cyt, (Arg-C32

— Lys, Arg-C32— GIn, and Arg-C32— Ala) resulted in
smaller values ok, (5 x 10%, 8 x 1%, and 6x 10® M!

s 1, respectively) that accompanied the increase in dissocia-

changes were larger than those produced by mutation of Tyr-tion constanip.
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First-Order Electron Transfer Rate Constants)(KThe
first-order electron transfer rate constant for the native-RC
cyt ¢, system was found to be & 10° s™%, as previously
reported {4—18). All mutant RCs bound with native cygb
had the same first-order rate constaat= 0.9-1.1 x 10°
s 1. Similarly, ke = 0.9 x 10° st for electron transfer
between the bound Arg-C32 Lys mutant cytc, and the
native RC. Small changes were observedkdifor electron
transfer between the native RC and the Arg-C3ZIn cyt
¢ (ke = 0.6 x 1 s71) or the Arg-C32— Ala cyt ¢, (ke =
0.8 x 10°s™).

DISCUSSION

Role of the Catioftsr Interaction in Binding.The mutation
of either the cationic or the aromatic partner in the catign
complex resulted in changes in the binding of the gyto
the RC. Replacement of Tyr-M295 with Ala, Asn, or Leu
lacking r electrons had the effect of increasiKg (by up
to 3-fold for Ala), while replacement of Tyr-M295 with the
other aromatic residues, Phe and Trp, had a relatively small
effect. These results are characteristic of the formation of a
cation—m complex at the cyt,—RC interface and indicate
that an aromatic residue at position M295 assists the binding
of the cytc, to the RC. The removal of the cationic Arg-

C32 residue and replacement with neutral residues Ala and

GIn resulted in a larger increase iy (by up to 80-fold),
corresponding to a change in the binding free energydfO
meV. The larger effect upon mutation of the cationic residue
can be attributed to the loss of the electrostatic interactions
between Arg-C32 and residues other than Tyr-M295. The
strongest interaction is likely to be the electrostatic interaction
between Arg-C32 and Asp-L155 at a distande7dA (8).

The Coulombic interaction between the two charged residues

would have an energy 0f100 meV at that distance, for a
dielectric constant of 20.

Biochemistry, Vol. 44, No. 28, 2009623

and 1L9J)]. Note that these values are much larger than the
smaller observed net effect which includes the competing
energy cost required to desolvate the cation. Since the
guanidinium group is positively charged, it interacts with
water dipoles and forms hydrogen bonds. Upon formation
of the cyt c,—RC complex, Arg-C32 becomes largely
inaccessible to solvent. The solvent accessibility for the Arg-
C32 side chain changes from 55 to 3% upon formation of
the cytc,—RC complex [determined using CNS34j]. Thus,
significant energy is required to desolvate the cationic
guanidinium group to bring it into close contact with the
Tyr.

Although Lys is capable of participating in a cation
interaction, the change in the interaction energy between Lys-
C32 and Tyr-M295 AAG;,; = —26 meV from the double
mutant analysis) suggests that Lys-C32 does not form a
cation—z complex. The change in free energhAGg) of
44 meV for mutation of the charged Arg-C32 to Lys which
is larger than those found for the mutations of aromatic Tyr-
M295 to either Leu or Ala could be due to changes in the
electrostatic interaction due to the ArgLys mutation; i.e.,
AAGeiciin €qg 5 is not zero. This change could result from
a difference in the Coulombic interaction, due to a change
in the position of the charge on the potential surface or due
to a difference in the solvation of Lys and Arg.

The energy cost to desolvate Lys is larger than Arg due
to the higher charge density for the ammonium cation than
the guanidinium cation that has charge delocalized over three
N atoms. The delocalized charge lowers the desolvation
energy compared to that with Lys, making the formation of
the cation-t complex with Arg more favorable3@). In
addition, steric effects may also contribute. The aromatic ring
of Tyr-M295 makes the closest contact with #aitrogen
atom of Arg-C32. The-nitrogen atom of Lys-C32 is one
bond length longer and may not be able to form a strong
cation—s bond. Crowley and Golovin7j have recently

The double mutant cycle provides a means of assessingexamined a structural database for protein structures having

the magnitude of the catienr interaction energy between
the two mutated residues. From the three double mutant
cycles involving mutations in this study (Arg-C32 Lys

and Tyr-M295— Leu, Arg-C32— GIn and Tyr-M295—
Leu, and Arg-C32— Ala and Tyr-M295— Ala), AAGjy
values of —26, —25, and —22 meV, respectively, were
obtained from eq 3, giving an average 624 + 2 meV.
The values obtained for all three mutant cycles are in good
agreement with each other. The cationinteraction energy

is close to the magnitude of the free energy change for
mutation of Tyr-M295 to Ala, indicating that the interactions
of Tyr-M295 with residues besides Arg-C32 are weak
(AAGyx ~ 4 meV, eq 4)

The specific site-site interaction between Arg-C32 and
Tyr-M295 has a relatively small net contribution to the
binding free energy of the compleXAAG = —24 meV
(—0.6 kcal/mol~ kgT)]. The cation- interaction between
Arg-C32 and Tyr-M295 in the cyt,—RC complex was
identified by CAPTURE §) (http://capture.caltech.edu/) that
has been successfully used to identify catianinteractions

cation— interactions. They found that the most common
cation—u interaction in protein complexes was between Arg
and Tyr, with interactions between Lys and Tyr being much
less frequent. It is interesting to note that Arg-C32 is the
only Arg residue in the interface region, compared to five
Lys residues. This suggests that Arg-C32 is selected for its
ability to form a catior-;r complex in close association with
the RC surface.

Role of the Cation Interaction in Electron Transfer.
The first-order electron transfer rate constarkg for all
mutated RCs in this study were very similar to that of native
RCs ke = 1.0 x 10° s1) (Table 1). Since the first-order
rate is due to electron transfer from aytin its bound state
on the RC surface, we conclude that the positioning of the
cyt ¢c; on the RC surface is the same with or without the
cation—u interaction. Small changes in rate were observed
for reaction of the mutant cyd, (ke = 0.6-0.9 x 10° s7%),
which could be due to small changes in the redox potential
of the mutant cyt,, the reorganization energy for electron
transfer, or the distance<(L A) between the cofactors in

in many other protein structures. Gas phase estimates of thehe bound state36—38).
electrostatic and van der Waals contributions were computed These results can be rationalized with results from previous

to be approximately—4 kcal/mol 170 meV) and ap-
proximately—2 kcal/mol (-85 meV), respectively [average
of three structures in two crystal forms (PDB entries 1L9B

experiments using a model in which the electron transfer
ratek is determined by the close juxtaposition of the exposed
heme edge with the short-range contact region on the RC
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centered around Tyr-L162 which is in close contact with (41). Thus, the cations interaction in the cytc,—RC
BChl, (D) (8). Mutation of hydrophobic residues (particularly complex is just one of many interactions (electrostatic,
Tyr-L162) changed the electron transfer rii@resumably hydrophobic, and hydrogen bonding) that optimize the
due to changes in the distance between cofactors in theprotein—protein interface, rather than a dominant component
structure of the modified cyt,—RC complex {8). In of the binding energy. The widespread occurrence of
contrast, mutations of charged residues on the RC, locatedcation—z complexes may be due to the importance of
outside of the short-range contact region, did not change theelectrostatic interactions (and thus positively charged resi-
electron transfer ratk, although they modified the binding  dues) in the protein association procegs The cationic Arg-
affinity (17). The modification of cationrsr contacts appears  C32 is one of several positively charged residues on the cyt
to have effects oke similar to those of the charged mutations ¢, surface that serve to attract and orient the @yon the
even though the catiefir complex is part of the short-range  negatively charged binding surface of the RC from a loosely
interaction region. This may be because the cation  bound encounter complex. Further short-range docking of
complex is at the boundary of the short-range contact region.the cytc, leads through a transition state to the bound state
Thus, changes in the catietx bonding do not affect the  in which electron transfer occur2€). In the bound state,
structure in the central region around Tyr-L162 which largely Arg-C32 is buried in the central short-range contact region
determines the rate of electron transfa®,(40). of the interface where solvent is excluded. In this solvent-
Role of the Cation Interaction in Cyt ¢ Association excluded region, the two interfaces are in close contact and
and DissociationThe measured value for the second-order optimized for electron transfer. In contrast, the other charged
association rate constant was the same for all of the mutatedresidues in the interface are separated by sol@ntThe
RCs used in this studyk{ = kon = 12—13 x 1B Mt s, formation of a catiorrr complex provides a means of
Thus, the catiorx interaction does not influence the rate offsetting the cost of desolvating the charg)( thereby
of association. This is reasonable since the cation  providing a means of burying a positively charged group
interaction is a short-range interaction between a chargedwithin the solvent-excluded short-range interaction domain.
residue and the quadrupole moment of a neutral residue.Although the overall cations interaction does not greatly
Thus, the formation of the catierir complex is not expected increase the binding affinity, the binding is optimized well
to be important for the association process since the positionby other interactions so that a further increase in affinity is
of the cyt in the transition state is displacedb$0 A from not necessary and might slow the dissociation of the oxidized
its position in the bound stat&7, 25, 26). This is consistent ¢yt ¢, and thus slow the overall turnover of the reaction.
with the finding that mutations of hydrophobic residues on
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