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ABSTRACT. The structure of the complex between cytochrotpécyt) and the photosynthetic reaction
center (RC) fromRhodobacter sphaeroidefiows contacts between hydrophobic residues Tyr L162, Leu
M191, and Val M192 on the RC and the surface of the cyt [Axelrod et al. (200®)ol. Biol. 319
501-515]. The role of these hydrophobic residues in binding and electron transfer was investigated by
replacing them with Ala and other residues. Mutations of the hydrophobic residues generally resulted in
relatively small changes in the second-order electron-transfeksgironsted coefficientoe = 0.15+

0.05) indicating that the transition state for association occurs before short-range hydrophobic contacts
are established. Larger changeskinfound in some cases, were attributed to a change in the second-
order mechanism from a diffusion controlled regime to a rapidly reversible binding regime. The association
constantKa, of the cyt and the rate of electron transfer from the boundlgytyere both decreased by
mutation. Replacement of Tyr L162, Leu M191, or Val M192 by Ala decre&sedndk. by factors of

130, 10, 0.6, and 120, 9, 0.6, respectively. The largest changes were obtained by mutation of Tyr L162,
showing that this residue plays a key role in both binding and electron transfer. The binding affinity,

and electron-transfer ratie, were strongly correlated, showing that changes of hydrophobic residues affect
both binding and electron transfer. This correlation suggests that changes in distance across hydrophobic
interprotein contacts have similar effects on both electron tunneling and binding interactions.

Interprotein electron-transfer reactions are important for The RC is a membrane protein that is involved in the initial
energy conversion in photosynthesis and respiratior2)( light-induced electron-transfer reactions in bacterial photo-
The dynamics of this process involves the docking of two Synthesis §). Light absorbed by the RC initiates an intra-
proteins, positioning the electron donor and acceptor cofac-molecular electron-transfer reaction oxidizing a primary
tors into the proper Configuration for electron transf&)" ( electron donor, a baCteriOChlorOphy” dimer D, and redUCing
followed by electron transfer in the active compldy.(The @ quinone acceptor Q The oxidized donor Dis reduced
structure and interactions of the two proteins at the interface PY @ water-soluble electron carrier protein, cytochrame
are important in determining the rates of electron transfer. that is part of a chain of electron carriers including the
Long-range electrostatic interactions play an important role cytochrome bcl complex. This system cycles electrons
in the docking and hence influence the association processzggough the RC and pumps protons across the membrane
(2, 3, 5, 6). However, the role of hydrophobic interactions :

\ . The reaction between cyt and RC in detergent solutions
in these processes is less well understood. Recently, the X—ra)ﬁas been extensively studied0-14). See ref15 for a

crystal structure of the complex between the electron-transfer, o, e\, A two-state model that accounts for the observations
proteins cytochrome; (cyt)! and the reaction center (RC) is shown below.

from the photosynthetic bacteriuRhodobacter sphaeroides

was determined, and contacts between hydrophobic residues K, = I/K,

were observed?). In this work, we have examined the cyt*+DQ —> cyt *:DQ

effects of modifying hydrophobic residues on the RC on the

binding and intermolecular electron-transfer reaction between py l hv l v

the two proteins. e @

2+ + - 2+ .V Y 3+, -
cyt“+D' Q. ——> cyt™:D'Q —> cyt™:DQ
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RC, and cyt/DQ represents the docked complex. Reduced
cyt and RC in solution are in equilibrium with a bound cyt/
RC complex with a dissociation constats ~ 106 M at

low ionic strength, shown on the top line in eq 1. Excitation
of the RC by a laser flash forms the charge-separated state
D*Q". In the presence of cyt, re-reduction of I occurs

in two phases. The cyt bound on the RC is rapidly oxidized
in a fast phasek{ ~ 10° s1) (15), while the free cyt reacts

via a second-order reaction in a slow reaction with a second-
order rate constamg ~ ko ~ 10° s~ M1 (ionic strength~

10 mM) (15) and dissociation rate constak ~ 10° 51

(17).

The role of electrostatic interactions on the binding and
electron-transfer reactions between cyt and RC were shown
by the dependence of the second-order rate constant and
dissociation constant on ionic strengftd). The importance
of charged side chains was demonstrated by chemical
modification (8), chemical cross-linking 19), and site-
directed mutagenesid4, 20, 21). The periplasmic surface
of the RC contains regions of negatively charged residues,
while the surface of the cyt near the exposed heme edge BChl,
contains regions of positively charged residues. Several
models of the cyt/RC complex have been proposed based

on the juxtaposition of surface charges to form salt bridged interface of the cyt/RC complex. The electron-transfer cofactors

ion pairs @2—24). More recently, Tiede et al26) proposed  heme (red) and BChI2 (blue) are shown with hydrophobic residues
that the electrostatic interactions in the cyt/RC complex are Tyr L162 (green), Leu M191 (green), and Val M192 (green) on

due to the overlap regions of positive and negative potential the RC and Phe C102 (gray) on the cyt.
rather than specific ion pair interactions. Their conclusion ) i
was based on the observation that tight binding of cyt from Waals contact with Tyr L162, located directly above BChI
different species having different distributions of charged '" @ddition, van der Waals contacts are found between two
residues on the binding surface and on electrostatic calcula-"Ydrophobic residues Leu M191 and Val M192 on the RC
tion of the surface potentials of cyt and RC. Electrostatic 2nd the heme edge and a hydrophobic residue Phe C102 on
calculations based on the cocrystal structure show that whileth® ¢yt (Figure 1). The structure suggests that these hydro-
long-range electrostatic interactions are important for docking Phobic residues may be important for binding and electron
they do not determine the structure of the bound st)e ( transfer. A preliminary account of this work has been
The involvement of hydrophobic interactions on the PresentedZs). o
electron-transfer reaction was shown by mutations of Tyr . N the present work, the role of the hydrophobic residues

L162 on the RC fronRb. sphaeroide26, 27) that greatly in binding and electron transfer were examined to test the
decreased the measured rate of electron transfer with cytValidity of this suggestion. RC mutants were constructed in

Since mutations of Tyr L162 iRhodopseudomonadridis, which the hydrophobic residues Tyr L162, Leu M191, and
where the cyt is permanently bound to the RC, did not Y&l M192 were changed to other residues to examine the
produce significant changes in electron-transfer 1283 ¢he effect_s of these mutations on the b|nd|_ng and gle_ctron—trar}sfer
changes in rate observed Rb. sphaeroide®Cs are most reaction. The results show changes in the b|nd|ng.and flrgt—
likely due to changes in the position of the cyt bound to the order ar]d second—ordgr e_Iectron—t'ransfer rates. An interesting
RC surface due to replacement of Tyr L162. Tetreault et al. correlation between binding and first-order electron-transfer

(14) proposed a two-domain model that incorporates both "€ is observed. The results provide information about the
electrostatic and short-range hydrophobic interactions to nature of hydrophobic interactions and their role in binding
explain why mutating charged interface residues had large2nd €lectron transfer.
effects onKp andk, bu_t s_mall effects orke. In this model,_ MATERIALS AND METHODS
long-range electrostatic interactions due to charged residues
stabilize the cyt/RC complex and are important for docking.  SamplesThe Tyr L162 mutants modified to Phe, Leu,
But short-range interactions due to uncharged surfaceand Ser were constructed as described previo@dy The
residues guide the juxtaposition of the heme group of the remaining RC mutants were constructed using the thermo-
cyt on the RC surface for fast electron transfer. cycling method described in r80. The cells harboring the
The X-ray crystal structure of thBb. sphaeroidesyt/ mutant RCs were grown and isolated as previously described
RC complex provides information about electrostatic and (31). RCs were expressed in the deletion strainRif.
hydrophobic interactions7). Positively charged residues sphaeroidesALM1, which was grown aerobically to avoid
from the cyt are positioned opposite to negatively charged selection of revertants. The RC concentration was determined
residues across the cyt RC interface. In addition, short-rangefrom the optical absorbance at 802 nm, usifi,,,,= 288
contacts between hydrophobic patches on cyt and RC aremM~cm™%. Protein purity was characterized by the optical
observed. Several key hydrophobic residues are shown inabsorbance ratioAzsd/Asoz. This ratio was always less than
Figure 1. The exposed heme edge of the cyt is in van der1.50, and in most samples it was less than 1.30. Cytochrome

| ]
Ficure 1: Structure of cofactors and hydrophobic residues at the
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C; was isolated as describe82) from a photosynthetically
grown cytc, overproducing strain dRb. sphaeroidegycAl-
containing copies of the plasmid pC2 P4043B)( The cyt
C; concentrations were determined from their optical absor-
bancies at 550 nm, usingso nm (reduced)= 30.8 mM?
cm! (32). Protein purity was characterized by the optical
absorbency ratioAgsd/As17, Which was< 0.25.
Electron-Transfer Measurement$he kinetic measure-
ments were made as describ&d)(using transient absorption

Gong et al.

rate constant,

k= ko[cyt® '] (5)

was plotted versus free cyb concentration to obtain the
second-order rate constant. For some RCs exhibiting tight
cyt binding, and thus low concentrations of free cyt, the rates
were measured at higher ionic strength and the rate constants
were extrapolated to lower ionic strength. The first-order rate

spectroscopy. The reactions were initiated by a laser pulseconstantke, was measured at a higher RC concentration of

from a Nd:YAG laser equipped with a tunable optical
parametric oscillator (Opotek, = 800 nm,7 = 10 ns).

Absorption changes accompanying electron transfer were

monitored at either 595 or 865 nm using a modified Cary

~5 uM. The re-reduction of the donor was monitored at 595
nm to avoid flash artifacts from laser excitation.

In some mutant RC samples, monophasic decay kinetics
were observed at all cyt concentrations. The observed rate

14 spectrophotometer (Varian). Flash-induced absorbanceconstantkss increased with increasing cyt concentration
data were collected on a Le Croy oscilloscope and transferredto @ saturating valueke, following the Michaelis Menton
to a computer for analysis. All measurements were performedrelation. In these cases, thg andk. were obtained by fitting

at 23°C in a buffer of 10mM Hepes, 0.04%Db-maltoside,
and 0.1 mM EDTA at pH 7.5. Prior to measurements of
binding and second-order kinetics, 4M each of @ and
QoH, were added as a redox buffer, ensuring thatcgytas

fully reduced before each laser flash. For measurements of

first-order kinetics, higher concentrations (20M) of Qg
and QH, were used to maintain the cytochrome in the fully
reduced state.

The binding affinity and second-order rate constants were
determined by monitoring the absorbance changes due to

oxidation of D to D" at 865 nm on samples having a RC
concentration of~0.2 uM. Lower concentrations (0.AM)
were used for RCs having tighter binding to allow accurate
determination of the free cyt concentration Eyt For

the observed concentration dependent rate conkggnto
the steady-state equation.

kobS: keK (6)
14 M
[cyt]
where
Km = kOffk:_ A =Kp +E (7)

Kp was calculated from the measured valu&gfusing the
measured values ok, and values ofk,, estimated by

samples displaying biphasic kinetics the dissociation constant€xtrapolation ofk, in Figure 6. (See Appendix.) One
Kp was determined by monitoring the absorbance changesdifference between thi obtained from biphasic kinetics

of the fast and slow phasesA; and AAs fit to the relation

)

wherek. is the fast rate constant associated with electron
transfer from the bound cyt in the complex dads the rate

AA=AA e+ AAe

constant for the slow phase of electron transfer due to the

association of the free cyt with the RC. The valueKgf
were obtained from the fraction of bound cyt determined

above and the&p obtained by this procedure is that the
former refers to equilibration in the dark state (DQ), whereas
this method refers to equilibration in the light state@).

In this work, we ignore the difference between these two
states since the differenceki is expected to be small (less
than a factor of 3 as discussed below).

RESULTS

Binding. The binding constant and second-order rate

from the dependence of the amplitudes of the fast and slow constants for electron transfer of cyt to native and mutant

phases on the concentration of free cyt.

AN
A&+A%_1+

1
KD
[cyt®']

The change in free energyAG due to mutation of a
residue is calculated by

fraction bound=

®3)

Kp(m utant) @

0AG =T In( Kp(native)

where kg is Boltzmann's constant and is the absolute
temperature. The second-order rate constantyas deter-
mined from the observed rate of the slow phase of the
electron transfeks, under conditions where the concentration
of free cytc,, [cyt*'] was large compared to the unbound
RC concentration, [RQ so that the reaction, d[RQ/dt =
kj[cyt?'][RCT], is pseudo first-order. The pseudo first-order

RCs were measured by monitoring the oxidation and
re-reduction of the Bchlat a wavelength of 865 nm (Figure

2). A sharp absorption decrease corresponding to the
oxidation of BCh} (D — D7), occurred after a laser flash,
followed by a recovery (D — D). In the absence of cyt,

the recovery was slow and not observable on the millisecond
time scale. In the presence of cyt, the recovery kinetics for
most samples show two phases corresponding to the two
electron-transfer processes shown in eq 1. A fast phase (not
resolved in Figure 2) due to electron transfer from bound
cyt occurred with rate constarte. A slow phase, due to
reaction of unbound cyt, occurred with a rate that is
dependent on cyt concentration and governed by a second-
order rate constari. The changes ilKp for different RCs

are illustrated in Figure 2 as changes in the fraction of fast
phase. Mutation of Leu M191 to Ala results in a smaller
amount of fast phase (largétp), while mutation of Val
M192 to Ala resulted in a larger amount of fast phase
(smaller Kp). The values forKp were determined by
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e ' ' ' ' ' Table 1: Parameters of the Reaction between Native and Mutant
@ o.ooo—mﬁ VAMID) e, RCs and cyt; from Rb. sphaeroide¢pH 7.5 10 mM Hepes)
< R Ko O0AG, ko
g 00054 RCstrain  (uM) (meV) e (uS) (1B M1sh
<) Native native RC 0.30 0 097 14
Z 0010+ LA (M191) 3.0 58 8.8 9
5 LAMI191) LS (M191) 3.0 58 16.2 10
ot LH (M191) 4.0 65 1.0(0.4),4.5(0.6) 9
S 00151 LD (M191) 1.4 39 1.0(0.4),5.6(0.6) 7
< 0 vt e LC (M191) 15 11 57 8
/m yte,
2 00200 e LK (M191)  38C 180 212 0.12
2 VS(M192) 013 -21 055 12
4 VA (M192) 0.17 —14 0.62 13
20,025 e I VD (M192) 05 13 1.0(0.4),35(06) 14
0 4 8 12 16 LAM191)/ 2.8 56 4.0 8
TIME [ms| VA (M192)
Ficure 2: Biphasic flash-induced absorbance changes at 865 nm ¥E (Iljgg) gg’ 8678 :'20 ?3
due to BChj} oxidation and re-reduction in native and mutant RCs YA ((L162)) 20 125 120 20
VA (M192) [Val M192 — Ala] and LA (M191) [Leu M191— YS (L162) 30 125 160 15

Ala]. In the absence of cyt, the band at 865 nm recovers slowly (
> 100 ms). In the presence of cyt, biphasic recovery kinetics were  2The errors are standard deviations obtained from repeated measure-
observed. The fast phase (microsecond time scale), unresolved imments. ForKp, te, andk, their values were less than 15% for most
these traces, is due to reaction of bound cyt. The slow phase is duesamples. Larger errors-5%) were obtained for measurementsef

to second-order reaction of unbound cyt. The free cyt concentrationsandk, for VS(M192) and VA(M192), VD(M192) and for estimation
were the same for all samples containing cyt. The different amounts of Kp for LC(M191). ® Double exponential first-order kinetics observed

of fast and slow phases observed for different mutant RCs indicatein these samples at saturating cyt concentrations. The number in
changes in cyt binding due to mutation ([R€]0.23uM, [cyt c;] parentheses is the fractional amplitud&ingle-exponential kinetics

= 0.41uM, pH 7.5, 10 mM Hepes). observed in these samples under all conditions, indicating fast exchange

of the cyt.
‘g OOOJ _ . .
9 : ”“W} 96 uM M191> Val M192. This suggests a major role for Tyr L162
‘i in the binding process.
o Hydrophobic residues were also mutated to other residues
o 001 27 M 1 (Table 1). The largest changek was due to the mutation
E Leu M191— Lys, probably due to the positive charge. A
8 large change ifKp was observed for the Leu M19% Cys
o 00 7uM T mutation. (Table 1). To determine the nature of the Cys
5 residue, the LC(M191) RCs were treated wiliethyl
% maleimide (20QuM, 20 h, pH 7.5). No change in eith&p
@ 0034 nocyte, T or k; was observed. This suggests that the Cys is either
2 : : : : : inaccessible or has been chemically modified. The nature
0 200 400 600 800 of the modification is not known.
TIME (us) Results from these studies differ from those of other

FiGure 3: Monophasic flash-induced absorbance changes at 865Workers. We do not observe the slow first-order phase
nm in YA (L162) [Tyr L162— Ala] RCs. The absorbance change reported to be associated with RCs in a distal configuration
at 865 nm exhibits single-exponential decay with observed rate (12). In addition, in the Tyr L162 mutants a larger fraction
constants that increase with increasing cyt concentration up 10 anf tast phase electron transfer for the Phe and Leu mutants
maximum. This kinetic behavior is attributed to fast exchange of
the cyt bound to the RC prior to electron transfer. was obs_,erved and the seqond-order rate constants were found
to be different from previous result27). One possibility
for these differences is a aggregation of the RCs as reported
measuring the fraction of fast phase as a function of free by Tiede and co-workers34) that may change the acces-
cyt concentration. sibility of the cyt binding site. This aggregation was found
The reaction kinetics for several mutant RCs showed to be dependent on RC preparation and may be present at
monoexponential kinetic behavior at all cyt concentrations. higher protein concentrations used in previous studies.
An example of this is the kinetics for the Tyr L162 Ala First-Order Electron TransferThe first-order electron-
mutant shown in in Figure 3. For these cases, the measuredransfer rate constank,, for native and mutant RCs were
exponential rate constant increased to a saturating value atmeasured on a faster time scale under conditions of high
high cyt concentration. The values #6s were obtained from ¢yt concentrations where the RC is fully bound to cyt (see
egs 6 and 7. Other examples of this behavior were Tyr L162 Figure 4). Both increases and decreaseg.iwere found
— Ser, Leu M191— Cys, and Leu M19%~ Lys. The values due to mutation of hydrophobic residues. These changes in
of Kp and the free energy changéaG, due to all mutations k. were correlated with changes in the dissociation constant
are shown in Table 1. A comparison of the effects of Kp. LA(M191) RCs showed a-10-fold decrease in both
mutating different residues to Ala or Ser shows that the binding affinity and electron-transfer rate, while VA(M192)
increase in free energy for binding is greatest for mutation RC showed a-2-fold increase in both binding affinity and
of Tyr L162 and decreases in the order: Tyr L1862 eu electron-transfer rate (Figures 2 and 4, and Table 1).
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E 0~01< T v T v T v T v T ] [ e e
w0 VA (M192
@ 0.00 —wa@ﬁ ( ) i ok
% 0.01 4
S ]
Q Native
E -0.02 g
] . 10°F
O 0.034 z
= A
% B
é -0.04
] LA (M191
S -0.05- (M191) 107 b
g ] :
0.06 . . . . 3
1 5 % 10
TIME (us) K,=1/K, M)

FiIGurRe 4: Fast phase of electron transfer (microsecond time scale) Ficure 6: Plot of second-order electron-transfer rdtg vs

monitored at 595 nm at saturating cyt concentration due to cyt association constarit, (log scale). The rates fall into two regions,

bound to the RC. The rate constakt is independent of cyt  a diffusion controlled K. > ko) region at highKa, with a small

concentration. The differences in the decay rates indicate changesslope,o. = 0.15, and a fast exchange regid@ « ko) at low K

in electron-transfer rates of the bound cyt due to mutation. ([RC] with a larger slope= 1.7. The RCs displaying monophasic kinetics

= 5uM, [eyt] = 50 uM, pH 7.5, 10 mM Hepes). (triangles) are in the fast exchange region. The solid line represents
a fit to the experimental data using a model based on the dependence

AL I LA A of ke andky, on Ka (see Appendix).

coefficient isR = 0.95. The correlation is consistent with a
power-law relationship

ke = CKy (8)

where C is a constant. These results indicate that the
i interactions modified by mutation of hydrophobic residues
E produce similar magnitude of changes of both electron-
P transfer rate and binding affinity.
1 Second-Order Electron Transfefhe second-order rate
K =I/K, (M) constantsk,, were determined by measuring the dependence
FIGURE5: Plot of first-order electron-transfer ratgvs association ~ Of the rate of the slow kinetic phase (Figures 2 and 3) on
constant, (log scale). The solid line represents a linear fit with the concentration of free cyt (eq 6). The values determined
slope,y = 0.85+ 0.1, and correlation coefficie® = 0.95. This for all samples are shown in Table 1. The valué.ofl.4 x
s?or\ﬁvsdthaththg_electron transfer and blinding ckllan%es %L]je to _mut?tiorl(p s"1 M-1) for native RCs was-20% lower than found in
Feprésent samples Showing monopnasic kinetics, | - @ previous study 19 possbly due to the lower cyt
concentrations used in this study. The changes in the second-
RCs displaying monophasic kinetics also showed a similar order rate constant due to mutation of hydrophobic residues
correlation between binding affinity and maximum electron- were relatively small for mutants with small changeXin
transfer rate. YA(L162) RCs (Figure 3) showed-a00 fold However, large changes ik, were observed for RCs
decreased binding affinity and maximum electron-transfer exhibiting large changes iKa. A log—log plot of the second-
rate (Table 1). The results for all mutants are shown in Table order rate constantl,, vs binding affinity, Ka, for the
1. In some cases, LD(M191), LH(M191), VD(M192), the modified RCs is shown in Figure 6.
first-order rate constants were biphasic. Since these residues The plot shows two regions, a high affinity region and a
are all acidic, the pH dependence of the rate constants wadow affinity region. These two regions represent two different
measured. The rate constants were found to be independenkinetic regimes for values of the rate constakisk,n, and
of pH over the range from pH-59. The biphasic kinetics kot shown in eq 1. The experimental results can be fitted
suggests that two different binding sites for the cyt on the (solid line in Figure 6) by a model based on transition state
RC surface are occupied. The component with the native theory and the power law dependencd&o{See Appendix.)
rate (16 s is likely due to cyt in the native site and the In the high affinity region, the reaction is diffusion controlled
other slower component may be due to cyt displaced to a(k; = ko from eq 12 wherék. > ko). The low value of the
larger distance. slope in this regiond = 0.15 + 0.1) reflects the weak
A general feature of the effects of mutating hydrophobic dependence of the association rlaggon the binding energy.
residues is the correlation between the electron-transfer rateln the low affinity region, the reaction is in a fast exchange
ke and the association constakt, = 1/Kp (Figure 5). regime k; = kKa from eq 12 wherek. < ko). The high
For simplicity, in this plot only the smaller values kf slope in this region results from the dependence of the
for the biphasic kinetics are plotted. The slope,of the second-order rate on the bdthandK,. Additional support
log—log plot ofke vsKa isy = 0.85+ 0.1 and the correlation ~ for this model is the fact that the samples displaying
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monophasic kinetics (triangles in Figure 6) were all in the
fast exchange region.

Effect of the Difference in Kfor Light and Dark States.
In the treatment of the binding constants and association and
dissociation rates discussed above we have neglected the
difference between the values obtained for the dark state

(DQ) and light state (DQ~). This difference is expected to X %
result from the additional positive charge on' Dvhich / M191
interacts with positive charges on the cyt surface leading to M192

an association constant for the light state smaller than for
the dark state. A limit for this difference comes from the
measurements of Larson and Wraighé)(who foundKa to

be 3-fold larger for oxidized (F¢) horse cyt compared to
reduced (F&) cyt due to interactions between charges on FiGURE 7: Changes in binding free energyAG, due to mutation

the Fe and negative surface charges on the RC. Any changé’f hydrophobic residues mapped on RC surface residues colored

; o + according to their solvent accessibility. The diameters of the circles
"’? Ka due_ to the oxidation of B~ D" is expected to be less are proportional td AG (white positive, red negative). The residues
since D' is farther from the charges on the cyt surface than are colored using a scale related to their fractional solvent

the Fe is from the charges on the RC surface (e.g., see Figureccessibility in the cyt/RC complex, lowest accessibility (dark blue)
1) and since cyt; is almost neutral (i.e., the interaction and highest accessibility (red). The short-range interactions occur

; _di ; ; in the region of low solvent accessibility (close packing) surround-
between I and cyt is a charge-dipale interaction). We ing the “hot spot”, Tyr L162. The percent solvent accessibility of

eStim,ate,KA (,dark) = 1-3 times Ka (light). Since the . the mutated residues are 2, 0.5, and 35 for Tyr L162, Leu M191,
quantitative difference has not been measured, no correctionand val M192, respectively. The smalAG due to mutation of

has been made. But we note that any difference would resultval M192 may be due to its high solvent accessibility. The solvent
in a slight shift ofK, to larger values for data points for the —accessibility was determined using the Lee-Richards algorigin (
mutant RCs displaying monophasic kinetics which are using the CNS progranBy) with a rolling ball of radius 1.4 A.
indicated by triangles in Figures 5 and 6.

large free energy changes upon mutation and low solvent
DISCUSSION accessibility (2 and 0.5%, respectively). However, Val M192

is at the periphery close packed surface and displays a small

In this study, changes in cyt/RC interactions due to single negative free energy change upon mutation and a high
RC mutations replacing the hydrophobic interfacial residues solvent accessibility (35%). This high solvent accessibility
Tyr L162, Leu M191, and Val M192 were examined. The can explain the small effect of its mutation on the binding

effects of these changes on the binding affinky, inter- affinity.
protein electron-transfer ratk,, and second-order electron- The changes in free energy upon mutation have been
transfer rate constark, are discussed below. explained by creation of defects (voids or conformational

Binding. Site-directed mutations of interfacial residues changes) in the closely packed residues in the pretein
have been used extensively to study the role of specific protein interface that reduce the binding energ§)(Thus,
residues in protein association. Systematic mutation of the decreased binding affinity due to mutation of Tyr L162
surface residues to Ala (alanine scanning mutagenesis) haveind Leu M191 could be due to the loss of van der Waals
revealed some general features. One common feature ofontacts resulting from mismatch between the surfaces in
interacting proteins is the presence of a central “hot-spot” the modified complex. The small effect of mutating Val
in the binding interface typically consisting of an aromatic M192 may be due to the filling of defects at the interface
amino acid whose mutation greatly decreases the bindingby water molecules. Since the Val M192 is surface acces-
affinity. Surrounding this site is a ring of amino acids whose sible, the solvation could occur breaking hydrogen bonds
mutation produces smaller chang8$)( A correlation was  between water molecules and thus without a large energy
found between the free energy change upon mutation andpenalty. It has been noted that the changes in binding energy
the fraction of solvent accessibility of the residue in the upon mutation are perturbations to the binding energy and
complex @5). are not equal to the hydrophobic contributions to the binding

The results of the present study show some of theseenergy 88). Thus, though mutation of Val M192 to Ala does
characteristic features. The effect of replacing Tyr L162 by not greatly decrease the binding energy, interactions of Val
Ala is larger than that of replacing Leu M191 or Val M192. M192 at the interface may still contribute to the binding
The values ofKp are changed by factors of 100, 10, and energy between cyt and RC. The interactions of Val M192
0.5, respectively. This indicates that Tyr L162 is a “hot- with the cyt (e.g., Figure 1) lost upon mutation could be
spot” on the binding surface. The small effect of mutating compensated by interactions with water molecules.

Val M192 correlates with its larger distance from the hot  First-Order Electron TransferThe first-order electron-
spot and can be related to solvent accessibility. This is showntransfer ratek, is the interprotein electron-transfer rate from
schematically in Figure 7 by a map of the free energy a cyt bound in the cyt/RC complex. Previous studies showed
changes for mutation to Ala on RC surface residues coloredthat mutations of charged residues in the region surrounding
according to their solvent accessibility. the central short-range interaction domain did not result in

The short-range interaction region generally is in the region changes in the first-order electron-transfer rég¢14). This
shown in dark blue (low solvent accessibility) in the center was interpreted as indicating that the long-range interactions
of the RC surface. Tyr L162 and Leu M191 both display in the well-solvated electrostatic domain did not determine
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the tunneling matrix element at the binding interface. The element comes from the through-space jump between the
interactions important for interprotein electron transfer were exposed heme edge and Tyr L162 on the RQ).(This
attributed to short-range van der Waals interactions in the contact is likely to be modulated by mutations of Tyr L162
center of the binding region. In the present work, large as well as other hydrophobic interfacial residues. The distance
changes in first-order electron-transfer rates were observeddecay parameter for static through-space decay is I@rge,
due to mutation of hydrophobic residues in the short-range = 3.4 A-%. Thus, a 1.3 A change in distance could produce
interaction region (Figure 5). This result supports the proposal a 100-fold change in rate. In addition, it has been proposed
that the short-range hydrophobic interactions play an im- that fluctuations in the nonbonded distance could lead to
portant role in orienting the cofactors at the tunneling transient tunneling contacts and faster ratéd).( Thus,

interface between the two proteins. several different models could be used to explain the changes
An interesting result of the present study is the observation in ke due to changes in tunneling distance due to mutation

that the first-order interprotein electron-transfer rée,is of hydrophobic residues. If the change in rate is due to an

strongly correlated with the binding affinitg, (Figure 5). exponential change in distance, the correlation shown in

The correlation betweek, and K5 can be explained by  Figure 5 implies that the binding free energy changes linearly
considering the theory of electron transfer in the bound statewith the change in tunneling distance. While the distance
(4, 39). The rate of electron transfer can be described as thedependence can explain the correlation betweemdKa,
product of the square of a tunneling matrix element and a it does not explain the molecular basis for the rather
Franck-Condon factor. The classical form of the Frarck  surprising quantitative correlation between the two quantities.
Condon factor is the Marcus relation which describes the More studies are necessary to clarify this question.
free energy dependence &f in terms of the change in Alternative explanations for the correlation betwégand
electron free energyAG,, due to electron transfer and a K, are suggested by the observation that the two quantities
reorganization energy, (4). Although mutation of hydro-  are almost proportionaly(close to 1.0). This could be
phobic residues could changeG. or A, these changes are  explained by models that involve equilibration or transitions
not likely to be large since the electron-transfer cofactors between different states (instead of electron transfer from a
are in the interior of the protein and out of contact with the single state discussed above). While such alternative models
binding interface. For instance, the binding of horseaciyt would be very appealing, several simple two-state models,
RC changes the redox potential of the cyt by 29 mé&®g) ( discussed below, do not appear to explain the experimental
compared to the value of the cyt in solution. The charge observations. (i) The dependencekgfon binding affinity
reversing mutation of a surface Asp M184 group to Lys on could be explained if the electron-transfer rate is proportional
the RC changed the redox potential of/D by 14 meV to the occupancy of the bound state relative to the unbound
(14). The mutations of hydrophobic residues are likely to state. However, since the first-order electron-transfer rate,
result in even smaller changes to the redox potentials (andk,, is measured at saturating cyt concentration (i.e., is
alsol) than these, since for the most part, changes in chargesndependent of cyt concentration), the bound state is fully
that can effect redox potentials through long-range electro- occupied. (ii) A correlation betweek andKa could result
static interactions are not involved. Thus, the observed from rapid equilibration between twmpundstates, one active
changes in rate, of up to 100-fold, are not expected to resultin electron transfer and another inactive, if decreased binding
from changes in the FranelCondon factor. affinity reduced the occupancy of the active state (i.e., if
The most likely explanation for the change in rate is a the mutations only affect the energy of the active state).
change in the tunneling matrix element. The exponential However, changes in binding and rate would only be
decay of the matrix element with distance leads to an observed if both states had appreciable occupancy, thus the
exponential dependence of the electron-transfer rate withmodel would not give a proportionality over such a wide
distance 40). range (1000-fold) of binding affinity. (iii) A correlation
betweerk. andKa could result from a slow reaction between
ke = koe_ﬁr (9) two bound states ike is limited by conformational gating
across a transition state barrier whose height depends on the
wherek, and 8 are constants. An increase in the distance binding energy (Brosted coeffientt ~ 1.0). However ke
between contact surfaces in the short-range tunneling inter-is dependent upon driving force as expected for a typical
face region would decrease the rate due to a lower tunnelingelectron-transfer reactiod, 46) and therefore is not limited
interaction. It would also weaken the van der Waals contactsby a gating process. While these simple models are inad-
at the tunneling interface leading to a decrease in the bindingequate to explain the experimental results, perhaps more
affinity. Assuming the change i is due to a change inthe complex models involving conformational equilibria or
electron-tunneling matrix element, estimation of the change dynamics could provide an explanation.
in distance produced by the mutation can be obtained using Second-Order Electron Transfefhe second-order rate
the exponential dependence of rate on distance, eq 8.constantk,, depends on the microscopic rate consténts
Continuum models for electron transfer through a homoge- kor, andke in eq 1. Depending on the values of these rate
neous medium have used different values of the distanceconstants the reaction mechanism can fall in one of two
decay parametep = 1.1-1.4 A! (40, 41) leading to regimes, the diffusion limit fok. > ko, or the fast exchange
changes in distance between cofactors of-32 A for a limit for ko > ke. The effects of hydrophobic mutations on
100-fold change ink.. The pathway model for electron k, is different in the two regimes (see Figure 6 and
transfer describes electron transfer through specific bondedAppendix).
or nonbonded (through-space) contaet®)( For electron For the native cyt and RC as well as mutants that display
transfer from cyt to RC, a large decrease in the matrix high binding affinity, the second-order rate constiris in
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the diffusion limit (. > ko). In this limit, k; is determined of the two surfaces into a transition state similar to that of
by the rate of protein association that leads to the cyt/RC the bound state. The distance between the cyt and RC in the
complex oriented in a proper configuration for electron transition state is-10 A. The final step in the binding is the
transfer k, = kon. This is supported by experiments that show desolvation of the interface, forming short range van der
k. to be independent of driving force for electron transfer Waals and hydrogen-bond contacts, fixing the two tunneling
(45). Previous studies showed that mutations of charged surfaces in close proximity, thereby facilitating electron
residues produce significant changeskinthat were cor- transfer. The present study supports this model and points
related with changes in the association constanil4). The to an important role of the hydrophobic residues, particularly
Bronsted coefficientq, the slope of the loglog plot of k; Tyr L162 in both binding and electron transfer. A surprising
vs Ka, was relatively larged ~ 0.4). A large value forx result from this study was the finding that the changes in
indicates a similarity between the structure of the cyt/RC binding and electron transfer rate were strongly correlated.
complex in the transition state with that of the cyt/RC Further studies of these effects including mutation of the
complex in the final bound state in which the cofactors are complementary Phe C102 residue on cyare in progress

in juxtaposition for electron transfer. The valuewf= 0.4 and should help to provide more detailed information about
due to mutation of charged residues can be explained by thethe molecular basis for binding and electron transfer.
long-range nature of electrostatic interactions. Electrostatic

calculations of the effects of charged mutationskesuggest ~ ACKNOWLEDGMENT
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constants due to mutations of hydrophobic residues weregccessibility calculations, Charlene Chang for construction
relatively small compared to the changes in the binding of sjte-directed mutants, and George Feher, Osamu Mi-

constantKa, for the high affinity region in the loglog plot  yashita, and Jose Onuchic for discussions of binding and

of ka vsKa (Figure 6). The low value of the slope (Brsted electron transfer.

coefficient) in this regionpt = 0.15, shows that mutations

of hydrophobic residues do not greatly change the energy APPENDIX: RELATION BETWEEN k, AND Ka

of the transition state4(’). This is consistent with the . , .

proposed large distance between the cyt and RC at thethThe setpond-ohrder ratre] cons_takyt, |slde'?1)‘|r1fed |r1d'§errfrl15 ?]f h

transition state. The short-range interactions between hydro—b N rzac |(()jn scb emg stotwn ineq L. g;_gr_e € has the

phobic residues on the cyt and the mutated hydrophobic ound and unbound states are n equilibrium where the
association constamt, is

residues on the RC come into effect only after the transition

state is formed, i.e., when the complex is well on its way to 1k

the final configuration active in electron transfer. The effects Ky=--= _on (10)

of short-range contacts are to reduce the dissociation rate Ko Ko

koft Of the cyt but do not greatly change the association rate

Kon. After the flash, the slow rate of electron transfer due to

While the effect of mutation of hydrophobic residues on '€action of unbound cyt is given by a second-order rate

ko is small in the diffusion limiting case, the effect of these PrOc€ss

mutations onk, can be large if the reaction is in the fast e o

exchange regime (see Figure 6). The second-order rate rate= ko[cyt][D"Q ] = kypdD"Q'] 1)
constant in the fast exchange regime is slow because the cy
dissociates before electron transfer is accomplished<(
kotr). Thus, the cyt/RC complex forms and dissociates many
times before the electron-transfer reaction occurs. In this
regime,k; = keKa (Appendix). Thusk; is reduced by the
changes in botlk, andK,. The second-order rate constant

‘n this work, we have ignored the difference K for cyt
binding to the RC before and after the flash (see footnote
2).The value ok; is related to the values of the rate constants
Kon» Koff, andke from egs 6 and 7 at low cyt concentration,
[eyt] < Kw (47)

is greatly reduced by hydrophobic mutations in this regime K, K.
because the fraction of cyt bound is smaller and the electron- k, = n (12)
transfer rate from the bound cyt is slower. The changde in Kot 1 Ke

as well ask explains why mutations to residues in the
hydrophobic domain but not in the electrostatic doma) ( ) )
produce second-order rates in the fast exchange limit (i.e.,Of ke for different mutant RCs vary witt, as shown
monophasic kinetics). Since mutations to charged residueseXPerimentally in Figure 5
do not appreciably chande, larger decreases ks would K \y
be required to reach the fast exchange condition compared k= kg(—A) (13)
to mutation of hydrophobic residues. KR

Mechanism for Binding and Electron Transfdihe role
of charged and hydrophobic residues in the electron-transferk? andK§, are the values for the native RCs akdand Ka
mechanism can be summarized as follows. Long-range are the parameter values for mutant RCs. The values for the
electrostatic interactions bring the reactive surfaces the cytassociation ratek,,, are expected to have a similar depen-
and RC together in an encounter complex. Movement of the dence orKa, i.e., the log-log plot (Brinsted plot) ofkon Vs
cyt within the encounter complex results in the orientation Ka is expected to be lineaf4). The Brinsted coefficientt

The relation betweek, andK, is derived below. The values
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is the ratio between the change in the free energies of 14

transition stateﬁAC{F and the change in free energy of the

bound state)AG, due to mutationdAG! = adAG,. The

value ofa is assumed the same for all hydrophobic mutants.

Ka\e

kon = kon K_Z (14)

The parametersy and a refer to different processes
(intermolecular electron transfer and protein association) and
are expected to have different origins. The origin of the
parametery is not known. Substituting the expressions for

kon andke into eq 12 yields a relation betwedn and Ka
Kal”
kel
KA
k= 1€ (K (15)
Y=
e L %

Kon\Ka

This relation gives a good fit to the data in Figure 6 using

the known values fok}, = 1.4 x 10° s* M4 k2 = 1.0 x
10° s, K3 = 3.3 x 10° M~* andy = 0.85. The only
adjustable parameter was the value dor= 0.15 £ 0.05.

Two regimes of electron-transfer result from this model: the
diffusion-limited regime K. > ko) and the fast exchange

regime k. < Koir). The crossover between these two regimes

occurs wherke = ko at a value 0Ky = 3.3 x 10* M1 (Kp
=30 x 10°¢ M).
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