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ABSTRACT: Effects of ionizable amino acids on spectroscopic properties and electron-transfer kinetics in
the photosynthetic reaction center (RC) Rfhodobacter sphaeroideme investigated by site-directed
mutations designed to alter the electrostatic environment of the bacteriochlorophyll dimer that serves as
the photochemical electron donor (P). Arginine residues at homologous positions in the L and M subunits
(L135 and M164) are changed independently: Arg L135 is replaced by Lys, Leu, Glu, and GIn and Arg
M164 by Leu and Glu. Asp L155 also is mutated to Asn, Tyr L164 to Phe, and Cys L247 to Lys and Asp.
The mutations at L155, L164, and M164 have little effect on the absorption spectrum, whereas those at
L135 and L247 shift the long-wavelength absorption band of P to higher energies. Fits to the ground-
state absorption and hole-burned spectra indicate that the blue shift and increased width of the absorption
band in the L135 mutants are due partly to changes in the distribution of energies for the zero-phonon
absorption line and partly to stronger electrgghonon coupling. The initial electron-transfer kinetics are

not changed significantly in most of the mutants, but the time constant increases fram0320n wild-

type RCs to 4.7 0.2 in C(L247)D and 7.6t 0.3 ps in C(L247)K. The effects of the mutations on the
solvation free energies of the product of the initial electron-transfer reactioB, jPand the charge-
transfer states that contribute to the absorption spectry(Rnd P P},) were calculated by using a
distance-dependent electrostatic screening factor. The results are qualitatively in accord with the view
that electrostatic interactions of the bacteriochlorophylls with ionized residues of the protein are strongly
screened and make only minor contributions to the energetics and dynamics of charge separation. However,
the slowing of electron transfer in the Cys L247 mutants and the blue shift of the spectrum in some of the
Arg L135 and Cys L247 mutants cannot be explained consistently by electrostatic interactions of the
mutated residues with P and ;Bve ascribe these effects tentatively to structural changes caused by the
mutations.

The bacteriochlorophyll (Bchl)and bacteriopheophytin  tallographic 2-fold symmetryl). Upon photoexcitation, a
(Bphe) molecules that participate in the initial electron- special pair of strongly interacting Bchls (P) transfers an
transfer steps in photosynthetic reaction centers (RCs) ofelectron through an accessory Bchl YBo a Bphe (H).
Rhodobacter sphaeroidesre bound to two homologous Despite the symmetry of the structure, electron transfer
subunits (L and M), which form a complex with noncrys- occurs predominantly to the pigments on the L side of the
RC, forming the PB, and P'H, ion pairs in preference to
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1 Abbreviations: Bchl, bacteriochlorophyll; Bphe, bacteriopheophy- bonds to the Car.b.onyl groups of th.e .BChlS of R (P P)
tin; Ex,, midpoint reduction potential; fwhm, fuil width at hal-maximum ~ 9€nerally destabilize‘Pand slow the initial electron-transfer
amplitude; LDAO, lauryldimethylamin&-oxide; RC, reaction center;  reaction 8, 9). Conversely, replacing a nearby Asn residue
P, the special pair of Bchls that acts as the photochemical electronhy Asp can stabilize P and speed the reactiod@, 11).

donor; B and H, Bchl and Bphe molecules that serve as electron .
acceptors; SDF, site-distribution function; WT, wild-type; ZPH, zero- Replacing Tyr M210 by a Phe removes a hydroxyl group

phonon hole; ZPL, zero-phonon line. that stabilizes PB, , again decreasing the rate of electron
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transfer {2—16). Heller et al. {7) have shown that introduc- R. sphaeroidewas grown semi-aerobically in rich media
ing an Asp residue near Bslows the kinetics, probably by  for 3—5 days in the dark40). Reaction centers were isolated
destabilizing PB,, and Katilius et al. 18) have described a by standard procedured, 42) with minor modifications
mutation that speeds up electron transfer {p Brobably as described 22, 23). The purity of the samples was
by stabilizing PB,,. However, all these studies focus on Measured by the AJAso absorbance ratio and typically was
residues that are in close proximity to the Bchls. In principle, between 1.4 and 1.8.
mutations of these residues could perturb the positions or Absorption SpectraGround-state absorption spectra were
molecular orbitals of the Bchls, making it difficult to isolate  measured with a Shimadzu UV-160 spectrophotometer. For
effects on the electrostatic energies. The effects of long-rangemeasurements at room temperature, RCs were suspended in
electrostatic interactions with more distant residues remain10 mM Tris pH 8.0, 0.1% lauryldimethylamine oxide
largely unexplored. Several theoretical studiEs R0) have (LDAO), and 1 mM EDTA. For measurements at 78 K,
suggested that static electric fields from ionized amino acid glycerol was added to give a glycerol/buffer ratio of 2:1 (v:
side chains play important roles in this regard. However, v), and the sample was placed in an acrylic cuvette with a
other work (L0, 21—23) indicates that electrostatic interac- coldfinger immersed in liquid nitrogen; the sample thickness
tions of the pigments with the ionized groups are strongly was 1.5 mm. The temperature was measured by a thermo-
screened by the solvent, electrolytes, and induced dipoles incouple inserted directly in the glycerol glass. Because RCs
the protein. of the double mutant R(L135)E/C(L247)D degraded rapidly
The electronic absorption spectrum of RCs has been after purification, their spectrum was obtained immediately
studied extensively for insight into the electronic properties after elution from the Ni column.

of the complex. At room temperature, wild-type (WT) RCs  Hole-Burning Measurementsiole-burned spectra were
have a strong absorption band near 870 nm that can bemeasuredtb K in aBruker 120HR FTIR spectrometer with
assigned almost exclusively to P, a band near 800 nm dueresolution of 1.0 cm®. A Coherent 899 Ti-sapphire laser
to B, and By with some contributions from P, and a band at with a line width of about 2 GHz (0.067 cr¥) was used for
760 nm due to iHand Hy. We will refer to the low-energy  excitation. The RC samples were in a 2:1 (v/v) mixture of
absorption band as the P870 band for simplicity, although it glycerol with a buffer solution containing 15 mM Tris pH
shifts to longer wavelengths at cryogenic temperatures. Theg.0, 0.1% LDAO, and 1 mM EDTA and had an absorbance
P870 band consists mainly of an antisymmetric combination of approximate|y 1 at 800 nm at 5 K. All spectra were
of the § — §, (Q) transitions of P and Rs. However,  scanned 200 times to achieve a good signal/noise ratio.
electron-exchange coupling ot Rnd Ry leads to charge- All hole spectra presented result from transient conversion
transfer (CT) transitions that borrow some of the Intensity ¢ p 14 jts jowest triplet state upon charge recombination of
of the P870 band and shift it strongly to the reti,(25). the P'H, radical ion pair. The transient hole spectrum is

This coupling endows the P870 band with appreciable CT . . .
- > the difference between absorption spectra measured with the
character that is manifested by a strong Stark effect. Stark :
laser on and off. The persistent hole spectrum (post-burn

spectroscopy experiments indicate that the change in the

permanent dipole moment associated with the optical transi—Speftr%T r];mngs Ereh—burn spedctrhum, both W'tch Iaserl off) was
tion (JAu|) is on the order of 5 D, which is about 5 times negligible for both the WT and the mutant RCs. Holes were

o . burned in the mutant RC spectra at 17 wavelengths between
larger t_han theAu| observed for a Qtransition Iocallzec_i 908.0 and 877.2 nm (11013 and 11400-&nusing three
on a single Bchh molecule 26—29). The spectroscopic burn intensities (approximately 10, 20, and 40 mW-&m
effects of the hydrogen-bond mutations mentioned previously at each wavelength. Because WT' Rés have been studied
have been explored and have been rationalized as reﬂeCtingpreviously 43 holes.were burned in their spectra with only
changes in the energy of the{rlF‘{,I CT state 8, 30—34). !

. ; . one intensity at each of eight wavelengths; the results were
Effects of mutations that change the orientation of the acetyl y 9 g

. ) similar to those described by Lyle et a.3). In some of the
group of R have been describe@%). Changes in detergents 1\ e
or fonic strength also can affect the P870 baB6-(39). hole spectra, a narrow-(L cnT?) spike due to scattered laser

. . TR : light interfered with the zero-phonon hole. Since the widths
Again, however, there is little quantitative information on

how | lectrostatic int " ffect th ; of the zero-phonon holes werel0 cnt?, the spike could
owlong-range electrostatic interactions aftect the Spectrum. o e ygyed from the hole spectra without significantly

In previous studies, we found that mutations of ionizable affecting the measurements of the hole widths.
residues located 1015 A from P alter the distribution of
the unpaired electron spin offfhetween P and R, (23
but cause only small shifts in tHg&, of P/P" (22) and the
IR absorption spectrum ofP(23). Here, we explore how
these mutations affect the ground-state absorption spectrumA(€2) = f doG(w — 0, )L(Q — w) x

The hole spectrum in the low-temperature limit is defined
by Al(RQ) — Ao(R2), where

the hole-k_Jurn_ed spectrum at 5 K, and the initial electron- exp{ —oPgL(wg — o)t} (1)
transfer kinetics.
MATERIALS AND METHODS is the absorption at frequendy following burning atws
with photon fluxP for timet (44). (A: = o(€2) is the pre-burn
Construction of Mutants and Purification of RG3ligo- absorption spectrumG(w — wn,) is the Gaussian distribution

nucleotide-mediated site-directed mutagenesis was accomof zero-phonon line frequencies (the site-distribution func-
plished as described®?, 23). DNA from each strain was  tion, SDF) centered abn, with width (fwhm) [,y and o
purified and sequenced to ensure that the mutations had beeiand¢ are the integrated absorption cross-section and the hole-
introduced correctly. burning quantum yieldL(Q2 — w) is the single-site absorp-
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tion spectrum

LQ—-—w)=¢e Sz Z (

k=1R=0

R,k(Q —w—Ra) (2

andL(ws — w) is the same withwg replacingQ. Here, k
labels the phonons that are FrandBondon active in
absorption. On the basis of previous resul3)( we
anticipated that only two low-frequency vibrational modes
with center frequencie®; (k = 1) andw, (k = 2) and
Huang-Rhys factorsS, andS, would be needed to simulate
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RCs were suspended in 15 mM Tris Hcl, pH 8.0, 0.1%
LDAO, and 1 mM EDTA to give an absorbance of 6.2.4
at the peak of the P870 bandl & 1 mmcuvette. To avoid
reexcitation, the sample was held in a spinning cell con-
structed from a pair of acrylic and BK7 glass disks clamped
together with an acrylic ring. One face of the acrylic disk
was machined to give an anular sample region with a depth
of 1 mm and inner radius of 30 mm. A groove in the acrylic
held an O-ring that was sandwiched between the two disks
and defined the 40 mm outer radius of the sample region.
The sample was injected through a small, tapped hole in the

the hole-burned spectra for the P870 band of the mutantsacrylic disk while air escaped from a second hole; both holes

(see Results). For the WT R@; ~ 30 cn1! (43). The @,
mode, with@, ~ 120 cnt! in WT RCs, has been referred
to as the special-pair marker modé3). S is the total
Huang-Rhys factor for low-frequency modeS,(+ $). The
Irk are line shape functions for transitions involviri)
phonons of modé&, whereR=0, 1, 2, .... The zero-phonon
line shapelg) is a Lorentzian with homogeneous widthom
Thel, , profile is described, as previousk3), by a Gaussian
with width I'g; on the low-energy side and a Lorentzian with
width I' ; on the high-energy side, so that the fwhm of the
one-phonon profile isI{c: + I'.1)/2. The l1, profile is
described by a Gaussian with widfla,. Eqs 1 and 2 account
for overtone transitions and combination bands of @he
and @, modes. Intramolecular Bchl vibrations were not
included in the simulations since they have small Franck
Condon factors£0.05) and are expected to contribute only
to the high-energy tails of the P870 barby

For each mutant RC studied, the valueo®fpt required
to fit the hole-burned spectrum obtained with the lowest burn
intensity (photon fluxP)) was determined. To fit spectra
obtained with a higher photon fluxef), oPi¢t was simply
multiplied by Pw/P,. This led to a satisfactory account of the

then were sealed by O-rings and screws. An aluminum shaft
attached to the acrylic disk was coupled by a belt to a motor
that rotated the sample at 2 Hz. This allowed the metastable
charge-separated state" (%) ample time to recombine to
the ground state before re-excitation.

Electrostatics Calculation€lectrostatics calculations were
used to estimate the differences in solvation free energy
between neutral state (PBand P'B_ and between P and
CT states PP, and P P}, . The charge onPin P*B_ was
distributed equally between Rnd R,. The partial charges
for the pigments were obtained with QCFF/BY( and were
the same as used in previous calculations of the spectroscopic
properties of P (22, 23, 48).

The change in solvation free energy (potential of mean
force) for the reaction RC— RC*, where RC denotes the
resting, neutral state of the RC and RIS a given charged
or ion-pair state, was calculated as

- Z—

IJ

AVge—pre: = Z(QI 3)

dependence of the hole spectra on burn intensity, which iswhereQ' is the partial charge on atoimof Py, Py, or By in
possible only if the values of the parameters that define the stateC, g; is the partial charge on atojrof the protein or

SDF and the linear electrerphonon coupling are accurate.
Electron-Transfer KineticsThe femtosecond spectrometer

crystallographic water molecules, is the distance between
atomsi andj, andf; is a distance-dependent screening

used to measure the electron-transfer kinetics has beerfunction. (Interactions of the electron carriers themselves are

described46). Briefly, the output from a cavity-dumped Ti:
sapphire laser with a repetition rate of 9.1 kHz was split
into two beams with an intensity ratio of 9:1. The more

omitted on the assumption that they are not affected
significantly by the mutations.) Previous studies of the RC
(22, 23) and other proteing1Q) have shown that the dielectric

intense pump beam was sent through a pair of dispersion-screening of chargecharge interactions between atonasd
compensating prisms and was spatially filtered to tune the j can be represented well by the empirical function

spectrum to peak at 850 nm with a fwhm of 60 nm (2 nJ per

pulse). The weaker probe pulse was focused into a micro-
structure fiber to generate a white light continuum that was

used to measure stimulated emission from the RC. The delaywhere 7 is in the range of 0.£0.18. We used; = 0.1.
between the pump and the probe pulses was controlled by aComputer models of the WT and mutant proteins were

variable path length in the pump beam, the polarization

constructed as described1( 22), starting with the crystal

between the pump and the probe was set at the magic anglestructure determined by Ermler et &0f. The entire protein
and both pulses were focused into the sample by an off-axiswas included in these calculations. A Monte Carlo procedure

parabolic mirror. The transmitted probe light continued
through a monochromator whita 5 nmband-pass at 930 nm
and was detected with a photodiode and a lock-in amplifier,

(22) was used to average the results over 10 configurations
of the polar hydrogens in RCThe predicted effect of a
mutation on the solvation free energ§AVre—rct) is the

which was synchronized with a chopper that modulated the difference between the mean value\ro—rc+ calculated
pump and the probe beams at different frequencies. Thefor the mutant and the WT structures.
second harmonic signal obtained by crossing the pump beam Absorption Spectrum Calculation&bsorption spectra for

with itself in a 0.1 mm KHPQ, crystal was fit well by a
sechi(t) function with a fwhm of 20 fs. The width of the
pump—probe cross-correlation, estimated from the rise time
of the pump-probe signal, was approximately 100 fs.

WT and mutant RCs were calculated with an exciton
treatment 24, 25) that included the four most pertinent
molecular orbitals (HOMO-1, HOMO, LUMO, and LU-
MO-+1) of each of the individual pigments (FPu, B, Bw,
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H., and Hy) in the crystal structuresQ). QCFF/PI é47) was '

used to obtain the atomic expansion coefficients for the \—/R(L135)L

orbitals. The off-diagonal interaction matrix elements that o

mix the 32 monomer transitions with each other and with E—
the eight CT transitions of P were calculated using the \/MBS)K
transition-gradient metho@4, 25, 51) with a cutoff distance A N

of 20 A, and the full interaction matrix was diagonalized to

obtain the transition energies for the complex. This procedure g RLI3S)E

has been used previously to calculate the absorption spectra ‘g“ O

of WT RCs from several species of bacteriz,(25). For 2

the geometry found in th&. sphaeroidesrystal structure < \4&135})\

(50), the excitor-interaction matrix element that couples the

Q transitions of P and Ry was found to be 298 cm. Y(L164)F
Because the residues that were mutated are not in direct

contact with the pigments, we assumed that their largest

effect would be to change the electrostatic energies of the k WT

CT states. This assumption seems reasonable because the 7

change in permanent dipole moment associated with forming 700 750 300 350 300 950
the F'P,, or PP}, CT state is approximately 18 D, whereas Wavelength (nm)

the corresponding change associated with thergsition FIGURE 1. Absorption spectra of RCs from WR. sphaeroides
of monomeric Bchla is less than 2.5 D26—32). After and strains with amino acid substitutions for Arg L135 or Tyr L164,

adjusting the CT energies to reproduce the energy of themeasured at 78 K as described in the text.
P870 band of WT RCs, we calculated the effects of the

mutations on the CT energies using eqs 3 and 4 and used I I
the perturbed CT energies to calculate the absorption spectra DLISN
of the mutant RCs.

1

R(M164)E

RESULTS

g

Mutations.The sites of the mutations have been described
in a previous study of the midpoint potentid.{ of P/P*
(22). Arginines L135 and M164 occupy homologous posi-

tions on opposite sides of P, with their; Gtoms ap-
proximately 13 A from the Mg of the nearer Bchl and 20 A WT
from the more distant Bchl. They are largely sequestered

from the solvent. The hydroxyl group of Tyr L164 may form @ = o0 < 0 S50
a hydrogen bond or ion pair with Arg L135. The carboxyl
Wavelength (nm)
oxygens of Asp L155 are exposed to the solvent and are _ _
FIGURE 2: Absorption spectra of RCs from WR. sphaeroides

approximately 14 A from the Mg atoms of both Bnd R. ; - ! ; e
. . and strains with amino acid substitutions for Arg M164 or Asp
The sulfur of Cys 1.247 is 6.5 A from the Mg ofi Rand is L155, measured at 78 K as described in the text.

completely buried from the solvent. Although there is no
direct evidence that ionizable residues at these positions are s ihe individual mutations (360 cr). On the other hand

in fact, ionized, the effects of the mutations on g of the shift caused by the R(L135)E/C(L.247)D double mutation

P/P* suggest strongly that this is the ca22)( (199 cntd) is larger than the sum of the effects of the
Absorption SpectraFigures 13 show the electronic  individual mutations (141 cm). This lack of additivity

absorption spectra of the WT and mutant RCs at 78 K. The contrasts with the effects of the same mutations onBhe

absorption maxima of the P870 band at 78 and 295 K are (22).

given in Table 1. The largest change in the spectrum occurs

in the R(L135)L mutant, where the absorption maximum

measured at 78 K shifts to the blue by 284éniThis is

one of the largest spectral shifts on record for any mutation

that leaves the pigment composition of the RC unaltered. . .
Substitution of Lys, Glu, or GIn for Arg L135 shifts the P870 ?nﬂt]r?eArreg d'\iil(?:gfr £2p8l(_)%)5r?rrrrgga:1notlsis(lzslggrr1€i r?)\}v'o'\rs:r?éljlr(:s)rst
band in th direction by 167, 115, and 77~ . .

and In the same dirsction by an &m of the mutant RCs but is less pronounced in R(L135)L and

respectively. The band also broadens in all these mutants ) . ;
(Figure 1). By contrast, mutations of M164 have little effect R(L135)E (Figure 1). This shoulder has been assigned to

on the spectrum (Figure 2). The D(L155)N and Y(L164)F ("€ upper exciton band of the,Qransitions of P, with
mutations also have little or no effect. The C(L247)k Ccontributions from one of the accessory BCl2§,(52-54).
mutation shifts the P870 band to the blue by 245%mwhile We looked for effects of pH on the room-temperature
C(L247)D shifts it in the same direction by 26 cinThe spectra of WT, R(L135)K, R(L135)Q, R(L135)L, R(L135)E,
R(L135)E/C(L247)K double mutation shifts the band by 219 and R(M164)E RCs. None of the spectra varied significantly
cm1, which is considerably less than the sum of the effects with pH between 7.0 and 10.5.

Absorbance

;

R(MI64)L

In addition to shifting and broadening the P870 band, some
of the mutations cause small blue shifts in the 800 nm band.
The peak shifts from 803 nm in WT RCs to 801 nm in the
Arg L135 and Cys L247 mutants (Figures 1 and 3) but not
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Table 1: Absorption Maxinfaand Electron-Transfer Time Constahts

L. AQTRE A AQ Aome AQue, v

strain (nm) (cm™) (nm) (cm™) (nm) (cm™) (ps)
wild-type 865 (0) 891 (0) 897 (0) 380.2
R(L135)K 848 232 878 166 880 221 3100.1
R(L135)L 845 274 869 284 882 196 2.950.05
R(L135)Q 859 81 885 76 883 119 2180.05
R(L135)E 852 176 882 115 880 218 3t20.3
D(L155)N 863 27 891 0 —c - 3.24+0.14
Y(L164)F 860 67 891 0 - - 3.1+0.14
R(M164)L 865 0 890 13 - - -
R(M164)E 865 0 890 13 897 5 2.760.06
C(L247)K 848 232 872 245 - - 7.03+0.3
C(L247)D 857 108 889 25 - - 4.7+0.2
R(L135)E/C(L247)K 844 288 874 218 - - -
R(L135)E/C(L247)D 846 260 876 192 - - -

a/l;ax is the wavelength of the absorption maximum at temperaTurAQ;ax is the change in the wavenumber of the absorption maximum
relative to WT RCsP 7 is the electron-transfer time constant at 295 K, obtained by fitting the purgbe signal at 930 nm t§(t) = S0)
exp(—t/t) + C, whereS(t) is the signal at timé andC is a constant¢ Not determined.

Wavelength (nm)
M 9‘50 9(|)0 8?0 8(|)0 7?0 7]00
Lor
02 F
R(L135)E/C(247)K E
0.1 F
R(L135)E/C(L247)D

8 © .

g g 10500 11500

£ £

2 £ wr

< R(LI35)E < | ( ) [
i+ R(L135)L

’ .-""jl \\
/ A\
//\/\y\ 00 1 1(I)00 12(I)00 13(')00 14600

i i ; i Wavenumber (cm™)
700 750 800 850 900 950 ) .

Wavelength (nm) FiIGurRe 4. Absorption spectra of WT (solid curve) and R(L135)L
(dotted) RCs, measured & K asdescribed in the text. The solid

FiURE 3: Absorption spectra of RCs from WR. sphaeroides  ¢rye in the inset is a fit to the R(L135)L spectrum calculated with
and strains with amino acid substitutions for Cys L247 alone orin i,e parameters given for this mutant in Table 2.

combination with R(L135)E, measured at 78 K as described in the
text.

lowest and highest burn frequencies for the R(L135)L and

Figure 4 compares the absorption spectra of WT and R(M164)E RCs. The best-fit parameters for fits to all the
R(L135)L RCs &5 K on awavenumber scale. The spectrum spectra are presented in Table 2 along with the corresponding
of WT RCs is essentially the same as measured previouslyparameters from previous studies of WT R@8)( The same
at this temperature4@). The P870 band of the mutant is sets of parameter values also were used to simulate the
broadened and blue-shifted as noted previously for the spectraabsorption spectra, and as shown in the inset of Figure 4 for
at 78 K. However, the difference between the peaks of the R(L135)L RCs, gave good agreement between calculated and
mutant and WT spectra is smalleraK (about 200 cm?, experimental spectra across most of the P870 band.
as compared to 284 crhat 78 K), suggesting that part of We consider the fits to the hole spectra for the R(M164)E
the blue shift in the mutant reflects a difference in electron  mutant (Figure 7) to be very good. The simulated spectra
phonon coupling. reproduce the phonon sideband hole structure due t@the

Hole SpectraTo explore the spectroscopic effects of the and®, modes, as well as the combination baad (+ @>)
mutations more closely, we examined the hole-burned spectra(Figure 7A). The simulations also correctly predict the
obtained by irradiating at various frequencies across the P870absence of a zero-phonon hole (ZPH) when the burn
band. Figure 5 shows typical hole spectra for R(L135)L and frequency {s) is on the high-energy side of the P870
WT RCs. Similar measurements were made with R(L135)K, absorption band (Figure 7B). (The probability of exciting
R(L135)Q, R(L135)E, and R(M164)E RCs, and the spectra zero-phonon transitions, which lead to the ZPH, decreases
for each strain were fit globally by a process that attempted with increasing burn frequency, while the probability of
to reproduce both the shapes and the depths of the holeexciting phonons increased4).)
(see Materials and Methods and #4). Figures 6 and 7 The fits to the hole spectra for the R(L135)L mutant
show the measured and simulated hole spectra burned at théFigure 6A) also are satisfactory except in the high-energy
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Wavelength (nm) Wavelength (nm)
9]50 990 8|5() 8(|)0 7|50 9125 9(])0 8?5 85|O

0.050 [
= R(L135)L 0 ZPH ()
0.025 E_ ZPH (i) :
— 53 -
0 F £ 001
- ,.e -
- 2 L
::(3 -0.025 = 2 C
—cé -0.050 E 1 l I - , L1 1 1 | < -0.021—
2 g r
2 oosok r
S 0050 F r
0.025 £ -0.03 [~
0E L
-0.025F =
-0.050 F
Eoo oy v by g
11000 12000 13000 or
Wavenumber (cm!) L
FiGURE 5: Hole spectra of WT (bottom) and R(L135)L (top) RCs, 3 .0.025 C
burned by irradiation at frequenciesd) of 10 991 and 11 043 £ -
cm1, respectively (solid arrows). The spectra are the differences £ i
between spectra measurddbaK with and without the burn laser. 2 L
The negative feature near 11 100 ¢mepresents bleaching of the j -0.050 [~
P870 band; the negative feature near 12 300%cfashed arrow) L
includes bleaching of a higher-energy exciton band of P and shifts r
in the absorption bands of Band By. 0075 -
Wavelength (nm) [,
025 %00 85 830 11000 11500
C Wavenumber (cm™)
L ZPH ()
0 18 Ficure 7: Hole spectra of R(M164)E RCs burned & K by
N irradiation atwg = 10 912 cm! (A) or 11 337 cn1t (B) with burn
2 0.005 b~ intensities of 10, 20, or 40 mW/_c?rr(top, [niddle, and bottom,
g C respectively). Features representing &g @, and combination
S C (w1 + @,) modes are labeled in panel A. The spectra calculated
fﬂ% -0.010 :— with the parameters from Table 2 also are shown (smooth curves).
< -
0015 al. (45 have shown that numerous vibrations with energies
a between 190 and 1600 ctare coupled weakly to the,S
0.020 - A — Q,(Sy) transition of monomeric Bcha, having Franck
C Condon factors0.05. However, the fits in the corresponding
Eeovo L by region for the R(M164)E mutant (Figure 7A) are quite good,
11000 11500 suggesting that the FranekCondon factors for intramolecu-
C lar vibrations differ in the two mutants.
0 - The contribution of the ZPH to the hole spectrum was
- much less pronounced in all the Arg L135 mutants than in
v -0.025 - WT RCs, as one would expect if electrephonon coupling
£ L is stronger in these mutants. The lower ZPH intensities in
o - .
g C the Arg L135 mutants appear to result mainly from larger
< 0050~ total Huang-Rhys factors& = S, + $), which are between
= C 3.8 and 4.0 in these mutants as compared to 3.3 in WT RCs
0075 - (Table 2). The FranckCondon factor for the ZPH is given
C by exp(2S) (44), which decreases by a factor of 3f
C increases from 3.3 to 3.9. However, the center of the
ool L L inhomogeneous site-distribution functian,() also increases
11000 11500 by 90-160 cnt? in the Arg L135 mutants. The increase in
Wavenumber (cm") wm accounts for about 50% of the total blue shift of the

FicURe 6: Hole spectra of R(L135)L RCs burned 8 K by absorption band in R(L135)L, 58% in R(L135)K, 72% in
iradiation atws = 11 013 cm” (A) or 11 400 cm™ (B). The three b 135)F and 78% in R(L135)Q, with the remainder of the

spectra in each panel were obtained using burn intensities of 10, \. . .
20, and 40 mW/cr(top, middle, and bottom, respectively). The shifts coming from stronger electrephonon coupling. The

spectra calculated with the parameters from Table 2 also are showrfit parameters for R(M164)E RCs, by contrast, are essentially
(smooth curves). the same as those for WT RCs.

tail of the band. The discrepancy in this region may be due Electron-Transfer KineticsThe kinetics of electron trans-
to neglect of intramolecular Bchl vibrations. Zazubovich et fer at 295 K were measured by monitoring the decay of
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Table 2: Best-Fit Parametéror Hole Spectra

[inn Thom Wm W1 T I 2 T2
strain (cm™) (cm™) (cm™) (cm™) S (cm™) (cm™) (cm™) S (cm™)
WTP 150 5.8 10992 30 1.8 30 55 120 1.5 50

R(L135)K 260+ 20 5+1 11120+ 15 35+ 5 25+0.1 25+ 5 70+ 5 135+ 5 1.5+0.2 40+ 10
R(L135)L 280+ 10 5+1 11 090+ 10 30+£5 22+01 355 65+ 5 130+ 5 1.7£0.1 45+ 5
R(L135)Q 310+ 10 5+1 11085+ 10 30+£5 22+0.1 35+ 5 65+ 5 130+5 1.7+0.1 45+ 5
R(L135)E 320+ 10 5+1 11 150+ 10 30+5 24+0.1 35+£5 65+ 5 135+ 5 1.4+0.1 45+ 5
R(M164)E 1304+ 10 6.5+ 1 10980+ 10 30+£5 2.0+0.1 35+ 5 55+ 5 130+5 1.45+0.1 40+ 5

aSee Materials and Methods for definitions of the parametérke values for WT RCs are from Lyle et a#3).

: : : i i i E and gives an electron-transfer time of approximately 1 ps.
The R(M164)E mutant exhibited a slightly broader ZPH,
corresponding ta ~ 0.8 ps. (The uncertainty af1 cnm?!
RLI35)L in the T'hom values stems mainly from interference by
scattered laser light at the ZPH frequency, which depends
on the optical quality of the glass. We did not try to optimize
the determination of the ZPH width in the present work
because our main objective in the hole-burning experiments
was to characterize the linear electrgvhonon coupling and
the site-distribution function for the P870 band in the
mutants.)

Calculated Salation Free Energies and Predicted Effects
. on the Absorption SpectrunThe expected effects of the
mutations on the solvation free energy of the charge-
separation process PB> P'B, (AAVpg-ptg-) Were calcu-
lated by using a distance-dependent screening function as
described in the Materials and Methods. Column 3 of Table
3 gives the results. For comparison, column 2 gives the
measured effects of the mutations on Eaeof P/P", which
are reproduced well by similar calculatior®?). The effects

-AA (arbitrary units)

C(L247)K + C(L247)D

-AA (arbitrary units)

L

5 10 15 20 25 300 5 0 15 20 on P'B_ should be smaller than the effects on thg

1 1 1 L

0
Time (ps) Time (ps) because electrostatic interactions of the variable amino acid
FIGURE 8: Typical transient signals measured at 930 nm for WT \yith B, partly balance the interactions with*P The
and mutant RCs at 295 K (noisy curves) and fits to exponential ‘0 .
decay functions (smooth curves). gua_nl_dmo group of Arg L135_, for example, is nearly
equidistant from P and B Replacing the Arg by Glu lowers
stimulated emission from P* at 930 nm after excitation at the calculated solvation free energy of By 40 meV @2)

850 nm. Figure 8 shows typical measurements of the kineticsPut increases that of Bby almost the same amount, giving
for WT RCs and several of the mutants, and Table 1 gives & net change of only-2 meV in P'B_. For Arg M164,
the time constantg) obtained by fitting the data to a single-  Which is farther from B, the Glu mutation lowers Pby 34
exponential function. The WT kinetics were fit well with a meV (22) but raises B~ by a smaller amount, giving a net
time constant of 3.6 0.2 ps. None of the mutations at L135, change of—13 meV in PB_. However, the effect of a
L155, L164, and M164 had a significant effect on the mutation on the solvation free energy off® is not simply
kinetics, although was marginally shorter in the R(M164)E  the sum of the effects on*Pand B because the free
mutant (2.8 ps). The C(L247)D mutation, which introduces energies of reorganizing nearby water molecules and polar
a potentially negatively charged residue near P, increased amino acid side chains are not necessarily additive.
to 4.7 ps, whereas replacing the Cys by Lys raiséd 7.0 As expected, the predicted effects of most of the mutations
ps. Fitting the data to a two-exponential function did not on the solvation free energy of charge separation are small,
reveal any other significant differences between WT and becoming significant only for Y(L164)F, C(L247)K, and
mutant RCs. C(L247)D, and marginally so for R(M164)E. Because the
The time constant for the decay of Pt & K can be  sjde chain of Cys L247 is closer to P than tp, Beplacing
estimated from the hole-burned spectra with the aid of the the Cys by Lys increases the calculated solvation free energy
expression §5) of P*B_, whereas replacing it by Asp has the opposite
effect (Table 3, column 3). Examination of the contributions
T= (Zthomc)_l (5) of various factors to the solvation free energies showed that
the unexpectedly large effect of the Y(L164)F mutation is
wherec = 3 x 10 cm s%, and as abovelton is the an indirect result of reorientation of other polar groups of
homogeneous width of the zero-phonon line (half the the protein.
observed width of the ZPH)'hom was found to be 5+ 1 The calculated changes iAVp+—.ptg- dO not include
cmtin all the mutants studied except R(M164)E (Table 2). changes in the energy of P*. Estimates of the changes in the
This is the same as in WT RCs within experimental error solvation free energy of electron transfer from P* in the
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Table 3: Calculated Changes in the Solvation Free Energies®#P, the CT States of P, and the P870 Band and Measured Shifts Eithe
of P/Pfa

AEm AAVpBaerB* AAVp*aerB’ AAV%&*W’ AAVr.x—.pL’p,\,‘Jr AAVP—-p*

strain (mV) (meV) (meV) (cm™) (cm™) (cm™)
wild-type (0) (0) (0) (0) (0) (0)
R(L135)K -3 1 —28 27 —8 0
R(L135)L —20 -2 —36 —88 129 —-13
R(L135)Q —24 0 —10 —98 121 —13
R(L135)E —37 -2 —24 —192 212 —38
D(L155)N 12 -7 —10 30 —24 0
Y(L164)F 2 —-21 —29 23 14 0
R(M164)L —16 ) -5 65 —43 0
R(M164)E —-32 —-13 —-13 165 —118 25
C(L247)K 51 22 =7 272 —268 25
C(L247)D —40 —-21 —-34 —332 324 —63

a AEn is the measured change in tBg of P/P" in the indicated mutant relative to wild-type R@sAVps -pts- andAAVe-ptg- are the calculated
changes in the solvation free energies of electron transfef tivoen, respectively, P and PAAVp-p +p,~ and AAVp.p —p,+ are the calculated
changes in the solvation free energies of exciting P to its first two CT stai’e??,{,I (end F[P,\+,|); and AAVe_p- is the calculated change in the
solvation free energy of raising P to its lowest excited singlet state (P*). All the calculated free energies are the means for 10 structures with polar
hydrogens minimized in the neutral state and are expressed as the changes in the mutants relative to WT RCs. The standard errors of the mean are
approximately+24 cntl. AAVe-ptg- was obtained from\AVeg-prg- by subtracting the change in the excitation energy(f*), as estimated
from the measured shift in the maximum of the P870 band at 295 K AHevalues are from Johnson et &2f; each of these is an average of
three to five measurements and has a standard error of the mean of approxitriataly.

mutants relative to WT RCSAAVp-—ptg-) can be obtained  electrostatic effects of the mutations are predicted to shift
from AAVpg-ptg- by subtracting the measured shifts in the the absorption band by only-2 nm in most of the mutants.
maximum of the P870 absorption band at 295 K (Table 1) The largest predicted shift is for the C(L247)D mutant and
and are given in column 4 of Table 3. The increased energyamounts to 5 nm. There was no consistent correlation
of P* outweighs the increases &Vp .p'g- SO thatAAVp«.ptg- between the calculated and the observed shifts, and we were
is negative (i.e electron transfer is more favorable) in all not able to improve the agreement by inverting the assumed
the mutants, ranging from5 meV in R(M164)L to—36 energies of PP, and PP, in WT RCs.

meV in R(L135)L. This procedure neglects the fact that part

of the blue shift of the P870 band in some of the mutants DISCUSSION

results from increased electrephonon coupling rather than

a shift of the zero-phonon site-distribution function (see Absorption and Hole-Burned Spectfome of the muta-

above), and it overlooks possible differences in the relax- tions described here cause substantial changes in the absorp-
ations 6f P* prior to eIectropn transfer. The small magnitudes tion spectrum of P. Such changes could arise by perturbations
P ' 9 of the energies of intramolecular transitions of the individual

\(/)\fi ,;[E?hcea:cf#(;?rge(iﬁ:terrggs?Z?Tgssmzﬁteéﬂr:)envseEg&;eﬁél’ecg?fzgergchls, the energies of CT states of P, the electronic coupling
9 of the pigments, or the coupling to vibrations of the protein.

on the electron-transfer kinetics. Electrostatic perturbations can occur either through direct

We used the same treatment to calculate the effects of theelectrostatic interactions of P with the modified residue or

mutations on the solvation free energies of the CT states Ofindirectly by reorientation of other polar groups as mentioned

P (R'Py and R P,,). Because mixing of CT transitions with previously in connection with the Y(L164)F mutation.
exciton. transitions of the Behls plays an imp‘?”af‘t role in One measure of the electrostatic effects of the mutations
deterr_mnmg the energy of the P870 band_, shifts n the CT was obtained in previous studies of g of P/P" (22). The
energies should affect the spectrum. Previous studies of RCEm decreases systematically as Arg L135 or M164 is replaced
mutants have shown thaf Py, probably lies below_E_’P,T,, by Lys, Leu, GIn, or Glu or if Cys L247 is replaced by Asp;
in energy and mixes more strongly with thg @ansitions  jiincreases if Cys L247 is replaced by Lys or if Asp L155
of the Bchls 80—32). Because Arg L135 is closer tq Fhan is replaced by GIn (see Table 3). The effects of the R(L135)E
Pw, while Arg M164 is closer to {2, the R(L135)E mutation 554 ¢(L247)K mutations on thE, are close to additive.
would be expected to lower the energy QTFH and the  From the small magnitude of the shifts, Johnson et24) (
R(M164)E mutation should have the opposite effect. As concluded that electrostatic interactions of the ionizable
shown in columns 5 and 6 of Table 3, the calculated changesamino acid with P and Pare strongly screened. Although
in the solvation free energies of the CT states are in accordihe mechanism of the screening has not been fully estab-
with this picture. _ _ lished, it seems likely that electrolytes and water around the
To calculate how changes in the CT energies would affect modified residues keep the total charge of the system more
the absorption spectrum, we used an interaction Hamiltoniangy |ess constant. The insensitivity of the absorption spectrum
that included both intramolecular and CT transitio?4 5). to pH in both WT RCs and the mutants is in accord with
This treatment reproduced the energy of the P870 band forthjs view. Similar observations have been made on water-
WT RCs at 78 K when the P, CT state was placed  soluble proteins49) but are perhaps more surprising in an
13100 cm! above the ground state, ang 8, was put integral membrane protein such as the RC.
1600 cntt above F,fP,\’,' . The calculated changes of the CT In the present study, we found that the shifts in the P870
solvation free energies in the mutants then led to the predictedabsorption band were not correlated with the calculated
spectral shiftsAAVp_p+) given in column 7 of Table 3. The  solvation free energies of the CT states of P. For example,
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the spectra of the M164 mutant RCs are essentially indis- T; to T, at constant pressure can be written
tinguishable from those of WT RCs, while the spectra of

the L135 mutants are significantly blue-shifted (Table 1); [ 092 max Q0 o
the calculations predict small red shifts for three of the L135 (T) — Q(Ty) =/ T dr—3 P =
mutants and a blue shift with a comparable magnitude for (6)
one of the M164 mutants (Table 3). In addition, the effects

of different L135 mutations do not follow the progression

Lys < Leux GIn = Glu that is seen in thE, (22). Leucine compressibility of the protein, and®@/oP)r is the shift of

causes a larger blue shift than either Lys, Gln, or Glu. Thesethe absorption frequency with pressuid) The pressure
patterns suggest that electrostatic interactions are not the P q 4 P h

. . shift is negative in WT RCs and can be related to the CT
_dommant cause of the ch_anges_ in the spectrum. The Char]geéharacter of the excited sta&9j. The first term on the right-
in the CT solvation energies evidently are too small to allow '

us to predict the spectral shifts accurately without additional hand_S|de c_)f eq6 genelr(ally II’IS ndegayve, wheregs t.he second
information. term is positive and makes the dominant contribution. From

. . the absorption maxima given in Table 1, the shift of the
Eastman et al.39) have described small shifts of the P870 . i~ i
band with ionic strength iR. capsulatusRCs. A mutant spectrum between 78 and 295 K is essentially the same in

with replacements of six residues near P, &d H (syn2- the R(L135)L, R(L135)Q, R(M164)E, R(M164)L, D(LISS)N,

1) had a greatly enhanced sensitivity to ionic strength as well and C(L247)K mutants as in WT RCs but is about 20%
greatly y : g greater in the R(L135)K, R(L135)E, C(L247)D, and Y(L164)F
as to detergents and temperature. Following earlier sugges-

. mutants. It thus also does not correlate in any simple way
tions by several group§8, 56-58), EaStman etal. suggested with the likely electrostatic effects of the mutations. Among
that the spectroscopic changes reflect displacements of a

equilibrium between conformers that absorb at different the strains for which we measured and fit the hole spectra

. . . .~ (see Table 2), the strains with enhanced sensitivity to
gﬁgﬁ:g{i‘g;zsbfgssﬂﬁ e(g%;se of a difference in the reIat'vetemperature [R(L135)K and R(L135)E] resemble each other

. o in having somewhat higher values 8f and w, than the
wansiions.depend on.intermolecular resonance. mtegras? " SUNS T, R(LLIB)Q, R(LIIB)L, and RIMISA)E]
connectin thg two Behls of P24, 25) and thus could bg It is unclear, however, whether the increases in these

ecting . ’ . parameters can account for the greater shift with temperature.
sensitive to small changes in the geometry of the dimer. In

L ) . The larger values ob, would suggest a weakening of the
principle, the blue shifts of the P87.0 band in some Of. the CT contributions to the excited state, which in itself should
mutants could result from a weakening of these interactions. decrease the temperature dependence of the spectrum

This seems unlikely to be the case, however, because both L o .

the R(L135)L and R(L135)E mutations decrease Eheof _EIectron—Transfer KinetictOne of the main incentives fqr

P/P" (22), whereas weakening the electronic interactions of this study was to understand how electrostatic interactions

the Bchls should increase tEg. These mutations also have With ionized amino acid residues affect the energy 08P

less effect on the absorption spectrum ftRan one might relative to P* and thus contribute to the driving force for

expect if the electronic coupling were changed substantially €lectron transfer tAG?). Allen and Williams 61) have

(23). Because vibrations that modulate the orbital overlap €XPlored the relationship between g of P/P", AG®, and
the electron-transfer rate in a series of hydrogen-bonding

of the Bchls or the energies of the CT states should be
mutants, and Haffa et all{) recently have expanded the

strongly coupled to the absorption, weakening of the _ ) " - : )
electronic interactions also would be expected to reduce theStudy to include mutants with additional anionic amino acids
near P. Both groups assumed that the mutations had a

Hwang—Rhys factor §), which is not observed (Table 2). o i
The hole-burning measurements indicate that the peak ofnegligible effect on B so that the change iAG* could be
the SDF () is about 100 cmt higher in the R(L135)L calculated simply from the changes in the energy qf the P870
mutant than in WT RCs (Table 2). An increase in electron Pand and thé&, of P/P". They concluded that makin§G°
phonon coupling shifts the Franelcondon maximum by less negative slows charge separation, with a change by 60
approximately the same amount, bringing the total shift at 5 MeV lowering the rate by 30%, whereas makihG°> more
K to about 200 cm! (Figure 4). In addition, the inhomo- negative by up to SQ me\_/ has little effect on the rate. Larger
geneous width of the SDFT',) almost doubles in the Negative changes inG® increased the rate.
mutant, increasing from 150 to 280 ciand the fwhm of The electrostatics calculations presented in Table 3 include
the line shape function for one-phonon transitions of the low- the effects of the mutations on both Bnd B . When the
frequency mode [(c 1 + I'L1)/2] increases from 42.5to 50 changes in the energy of P* also are taken into account, the
cm! (Table 2). Why these changes are larger in the R(L135) mutations studied here make the calculated solvation free
mutants than in R(M164)E and are particularly large in energy change for the reaction P* PtB_ more favorable
R(L135)L is unclear. (AAVp-—ptg- < 0) by amounts ranging from 5 meV in
Our analysis of the hole spectra®K does not attempt  R(M164)L to 34 meV in C(L247)D and 36 meV in
to account for the shift of the P870 band to the blue at higher R(L135)L. The calculations probably overestimate the mag-
temperatures (see Table 1). This temperature dependence hastude of AAVp-.ptg- in Some of the mutants, where up to
been discussed previously for wild-type RCs and several half the blue shift of the P870 band apparently results from
mutants 89, 59, 60) and may reflect a temperature-dependent increased electrenphonon coupling rather than a shift of
equilibrium between conformers that absorb at different the SDF. We also have neglected possible effects of the
frequencies 38, 39, 56—58). In general, the shift of the  mutations on relaxations of P* prior to electron transfer.
absorption peak®mn,y) as the temperature is increased from However, corrections for these effects probably would not

™k

whereo. andk are, respectively, the linear expansivity and
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amount to more thas-20 meV. Although our analysis of  of electron transfer. The changes in the solvation free energy
the free energies differs from that used by Allen and Williams of the electron-transfer reactioNAVe-—.ptg-) calculated by

(61) and Haffa et al. 11), our results for the R(L135), using the same distance-dependent screening function and
R(M164), D(L155), and Y(L164) mutants corroborate their subtracting the estimated changes in the energy of P* are
conclusion that making thAG°® more negative by amounts  qualitatively consistent with the experimental results. How-
less than 50 meV has little effect on the kinetics of electron ever, the calculated electrostatic energies do not explain the
transfer from P* to K (Table 1). slowing of electron transfer by about a factor of 2 in the

The effects of the L247 mutations, although also small, C(L247)K and C(L247)D mutants or the blue shift of the

appear to be more complex. One would expect replacing CysP870 band in some of the Arg L135 and Cys L247 mutants.
L247 by Lys or Asp to have opposite effects on the solvation These effects provide a reminder that site-directed mutations
free energy of PB, relative to the ground state, and the C€an modify protein structures and vibrational modes in ways
calculated values agree with this expectation. Neglecting that we presently are unable to predict. If electrostatic
changes in the energy of P* for the moment, the C(L247)D interactions with the modified residue are well-screened,
mutation lowers the calculated solvation free energy bf P Small structural changes may dominate the observed effects.

B. by 21 meV relative to WT RCs, whereas C(L247)K
raises it by 22 meV (Table 3, column 3). However, both the

L247 mutations slow the electron-transfer reaction, C(L247)D 1.

by a factor of 1.6 and C(L247)K by a factor of 2.3 (Table
1). The slower kinetics in the C(L247)K mutant could

possibly be attributed to the increased free energy'®& P 3.

but the similar kinetics in C(L247)D are more difficult to
explain. The calculated decrease in the free energy Bf P
in C(L247)D is the same as that in Y(L164)F, whichhasno g
effect on the kinetics. As mentioned earlier, the previously

described mutations that lower the free energy P (or, 6.

more accurately, lower th&,, of P/P") either have no 7
significant effect on the initial electron-transfer kinetics or,

when theE, is lowered by more than about 100 mV, 8.

accelerate the reactiod@ 11, 61).
When the estimated shifts in the energy of P* are included, ¢

the calculated change in the free energy of electron transfer

relative to WT RCs AAVp-—ptg-) becomes negative in both

of the L247 mutants. The value for C(L247)B-834 meV) 0

2.
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