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ABSTRACT: A large scale mutation of thRhodobacter capsulatugaction center M-subunit gengym?2-

1, has been constructed in which amino acid residues MRI&L0 have been changed to the corresponding

L subunit amino acids. Two interconvertable spectral forms of the initial electron donor are observed in
isolated reaction centers from this mutant. Which conformation dominates depends on ionic strength, the
nature of the detergent used, and the temperature. Reaction centers from this mutant have a ground-state
absorbance spectrum that is very similar to wild-type when measured immediately after purification in
the presence of high salt. However, upon subsequent dialysis against a low ionic strength buffer or the
addition of positively charged detergents, the near-infrared spectral band of P (the initial electron donor)
in sym2-1reaction centers is shifted by over 30 nm to the blue, from 852 to 820 nm. Systematically
varying either the ionic strength or the amount of charged detergent reveals an isobestic point in the
absorbance spectrum at 845 nm. The wild-type spectrum also shifts with ionic strength or detergent with
an isobestic point at 860 nm. The large spectral separation between the two dominant conformational
forms of thesym2-1reaction center makes detailed measurements of each state possible. Both of the
spectral forms of P bleach in the presence of light. Electrochemical measurements ofth@iB{i®int

potential ofsym2-1reaction centers show an increase of about 30 mV upon conversion from the long-
wavelength form to the short-wavelength form of the mutant. The rate constant of initial electron transfer

in both forms of the mutant reaction centers is essentially the same, suggesting that the spectral
characteristics of P are not critical for charge separation. The short-wavelength form of P in this mutant
also converts to the long-wavelength form as a function of temperature between room temperature and
130 K, again giving rise to an isobestic point, in this case at 838 nm for the mutant. A similar, though
considerably less pronounced spectral change with temperature occurs in wild-type reaction centers, with
an isobestic point at about 855 nm, close to that found by titrating with ionic strength or detergent. Fitting
the temperature dependence of #yen2-1reaction center spectrum to a thermodynamic model resulted

in a value for the enthalpy of the conformational interconversion between the short- and long-wavelength
forms of about—6 kJ/mol and an entropy of interconversion of abet®5 J/(K mol). Similar values of
enthapy and entropy changes can be used to model the temperature dependence in wild-type. Thus, much
of the temperature dependence of the reaction center special pair near-infrared absorbance band can be
described as an equilibrium shift between two spectrally distinct conformations of the reaction center.

The photosynthetic reaction centers of purple nonsulfur donor (P): which is a dimer of bacteriochlorophylls, transfers
bacteria have three protein subunits (L, M, and H) and 10 an electron through a neighboring monomer bacteriochlo-
noncovalently bound cofactors. There are four bacteriochlo- rophyll (Ba) to a bacteriopheophytin @t in a few picosec-
rophylls, two bacteriopheophytins, two quinones, one iron onds and then on to a quinonex()Qn about 200 psg—12).
atom, and a carotenoidl{4). The primary solar energy The X-ray structures of the reaction centers fremodo-
conversion event in the reaction center is transmembranepacter sphaeroideandRhodopseudomonasgidis have been
charge separation. Upon excitation, the primary electron determined 1—3, 13). No structure has been obtained for
the reaction center frorRhodobacter capsulatusut it is
T This work was supported by Grants MCB-9513457-004 and MCB- presumed to be very similar to tib. sphaeroidestructure

98}7%8%;0”?Ctgre}e’\'sgg?]g?nigigﬂgiIgob”e”ggﬂ?gs-se g based on the high amino acid homology between the L and
! Abbreviations: Rh, Rhodobacter Rp Rhodopseu'domonaﬁzs M subunits of the two speC|e§4—1§). The most pror_’nlnent.

Rhodospirillum P, primary electron donor; B, monomer bacteriochlo- structural components of the reaction center protein are five

rophyll; H bacteriopheophytin; Q, quinone; LDAQV,lauryl-N,N- hydrophobic helices in each of the L and M subunits that

dimethylamineN-oxide; buffer B, 10 mM potassium phosphate, pH i i
7.8, with 0.05% LDAO: BTP, Bis-Tris propane: AMP, 2-amino-2- span the membrane in vivo. The backbone structure of the

methyl-1-propanol; DOC, deoxycholate; CTAB, cetyltrimethylammo- L and M SUbunit§ and the positions of .the associated
nium bromide;Ey, midpoint redox potential. cofactors have a high degree of 2-fold rotational symmetry.
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Interestingly, only one of the two potential electron-transfer
pathways defined by this quasi-symmetric structure appears
to play a major electron-transfer role in viv6, (11, 17—
20).

In membrane-bound reaction centersRif. capsulatus
the long-wavelength transition of P is centered at about 860
nm when expressed in a U43 backgroud)( Similarly in
Rb. sphaeroideshe P transition in membrane-bound reaction
centers is at 860 nm2p). The optical and photochemical
properties of isolated reaction centers depend on experimental
conditions 23). The peak position of the long-wavelength,
near-infrared absorption band (the Q@and) of P varies by
up to 15 nm depending on ubiguinone content, the detergent
used in the preparation, and the type of protocol ugdd (
25). It has also been observed that in reaction centers

Pvul  BstEIl

solubilized inN-lauryl-N,N-dimethylamineN-oxide (LDAO), M200  Msoo N/ M80o

the Q band of P in Bchi-containing reaction centers from s e B =
different species is located at either 865 or 855 nm, leading =] HEET

to the suggestion that reaction centers fall into two classes. M:205 M:223
One class (P band at 865 nm) includes LDAO isolated PuiM  AALYGSALLFAMHGATILA
reaction centers frorRb. sphaeroideandRb. rubrum The 5, PHe o 00 Qus
second class (P band at 855 nm.) includes LDAO isolated [ Ha i HaHa Haba ;
reaction centers frorRb. capsulatuandRs. centenurt26). Sym2-1 ALLFAMHGATILA
Wang et al. also found that it is possible to convert the P SLFFTTAWALAMHGALVLS
reaction centers from one spectral form, or class, to another U7s Lios

by the addition of certain ionic detergent&ﬁ'x. Removal of Ficure 1: Top portion of the figure is a diagrammatic representa-
all detergent causes they®@and of P to shift from 865 0 {jon of the structure of the photosynthetic reaction center showing
846 nm in reaction centers froRb. sphaeroide€7). Air- the approximate relationship between the cofactors and the L (light)
dried films of aqueous suspensionsRi§. sphaeroideseac- and M (dark) subunits. The tubes represesttelices. The region
tion centers on glass or quartz plates have shown a blueshifﬂn‘"’;z?;‘t*gd"zi;]ls’;%‘zhi"#P']Diso‘;g%m;Uigug‘gs%%”gipfh“edSxt?;cecrrig'tg?
n th? P band from 860 to 845 nn24). The Q P pand structures ofRb. sphaeroideand Rp. viridis, and a very similar
position has also been found to depend on the ubiquinone-representation of theRp. viridis structure from Michel and
50 content of the @site of reaction centers and LM particles Deisenhofer §5). The bottom shows the region of the M gene
(lacking the H subunit) fronRb. sphaeroidef25). altered insym2-1and the specific amino_acid changes involved.
ENDOR/TRIPLE spectroscopy of reaction centers from 1he DNA sequence of theufM gene is represented by the

. . mezzotinted rectangle with the nucleotide positions indicated at 200
Rb. sphaeroidebas revealed two distinct forms of Pone base intervals. The locations of tlehelices in thepufM gene

is due to a population of reaction centers in which ground- product as determined from tiRb. sphaeroideX-ray structure
state P has a maximum long-wavelength absorbance at 85Gre shown below the gene. The amino acid sequences for the PufM,

nm and one is due to a different populationtwét P transition Sym2-1, and PufL proteins are shown in the lower part of the figure

; applying the alignment of Michel et ab§). Cofactors which appear
at 866 nm £8). The two forms of Pin Rb. capsulatusave within 4 A of aparticular M subunit residue are shown below the

been found to have different spin density ratios (fraction of capsulatusM subunit sequence. Distance information was

electron density onPversus R) as well as different FQa~ compiled from crystallographic dat&7, 68).
recombination rate2Q). A persistent structural transforma-
tion of P can be produced by light alone Rp. viridis at various temperatures revealed an isobestic point at 873

reaction centers30). Kalman and Maroti have also observed nm (34). The authors concluded that this indicated not a shift,
a light-induced conformational change in reaction centers but a stabilization at low temperature of a conformation of
between two forms that have different amounts of proton the special pair that absorbs at longer waveleng#. (
release §1). A comparison of trypsin treatment drb. In this report, we describe the spectral characterization of
sphaeroidesindRp. viridis reaction centers in the dark and sym2-1 aRb. capsulatusymmetry mutation, as a function
under illumination also reveal light-induced structural changes of the detergent identity, ionic strength, and temperature. The
(32 33. sym2-Imutation was generated as one in a series of mutants
The spectral properties of the photosynthetic reaction which increase the protein symmetry surrounding the redox-
centers from purple nonsulfur bacteria are quite temperatureactive cofactors 35—38). This mutation greatly enhances
sensitive. In particular, the \Qrransition of P shifts signifi-  the difference between the two spectral forms of P previously
cantly to the red as the temperature is lowered. In reactionobserved in wild-type 46), allowing a more detailed
centers isolated from the bacteritRb. capsulatughe peak characterization of the differences between the two forms.
of the @ transition of P is about 850 nm at room temperature
and shifts to about 875 nm at 10 K. Triplet-minus-singlet EXPERIMENTAL PROCEDURES
absorbance difference spectra of reaction centers from a Strains and Plasmid ConstructionEhe mutationsym2-
related bacteriumRb. sphaeroideshave shown a shift in 1, is shown in Figure 1. Six consecutive amino acids in the
the Q¢ band of P from 861 nm at 290 K to 890 nm upon M-subunit of the reaction center have been replaced by their
cooling to 24 K (34). Overlaid triplet-minus-singlet spectra counterparts in the L-subunit. Figure 1 also diagrams the
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corresponding region of the reaction center structure basedl-propanol (AMP). AMP was used to control pH between

on the X-ray crystal structures dRp. viridis and Rb.

sphaeroideseaction centersl(-3, 13). Thesym2-1Imutant

was constructed as previously describ8d)(
Chromatophore and Reaction Center IsolatiGteaction

6.5 and 9 while BTP was used to control pH between 9 and

11. Reaction center samples were prepared at pH 9 in both
buffers to observe any buffer dependent spectral differences.
The buffers were prepared such that the same ionic strength

centers were isolated from a U43 transconjugant containing (25 mM) was maintained at all pH values from 6.5 to 11.

either the plasmid pCR (a derivative of pU2922) which
contains the wild-typguf operon 85, 39, 40) or pLEPS3, a
pCR-based construct containing tegm?2-1mutation 87).
U43(pCR) was employed as the pseudo-wild-type for this
study.

Wild-type and mutant cells were grown in RCVPY/kan

This was done by adding KCl, as needed, to offset the
amount of buffer in the uncharged form. In addition to the
buffer and KCI, 0.04% Triton X-100 was added to keep the
reaction centers in solution.

The effect of ionic detergents on the steady state room
temperature spectra was determined with the negatively

medium @1), harvested by low-speed centrifugation, resus- charged detergent, deoxycholate (DOC), and the positively
pended in 10 mM potassium phosphate buffer, pH 7.8, and charged detergent, cetyltrimethylammonium bromide (CTAB).
disrupted by two passes through a French pressure cell affThe concentration of each of these detergents was varied
20 000 psi. Chromatophores were then isolated by differential from 0.03% to 0.15% in either buffer B or buffer B with
centrifugation essentially as described by Prince and Youvan750 mM KCI. Samples were prepared by adding:B3
(42) and modified by Xiao 41). Reaction centers were aliquots of 10% detergent to 1 mL of reaction centers.
isolated as in reB87, with the following modifications. The  Dilution effects were negligible. Spectra were obtained with
pH of the isolation buffer was raised to 7.8 in order to a Beckman DU64 spectrophotometer from 250 to 900 nm.
maximize yields. A continuous salt gradient from 0 to 350  Measurement of PAP Midpoint PotentialsElectrochemi-
mM KCl in buffer B (10 mM potassium phosphate, pH 7.8, cal titration of midpoint potentials was performed in col-
with 0.05% LDAO) was applied to crude reaction centers laboration with Drs. Nagarajan and Parson at the University
bound to the DEAE sephacel column, rather than incremen- of Washington in Seattle essentially as described previously
tally stepping up the ionic strength as described previously. (45).
In addition, the higher detergent wash step (0.6% LDAO) Subpicosecond Resolution Transient Absorption Spectros-
after the reaction centers were bound to the column wascopy The femtosecond transient absorption spectrometer has
omitted. This step was omitted because it significantly been described previousIgg, 46). The fundamental ultra-
decreased reaction center yields for the mutant. Peak fractionshort pulses were provided by a sychronously pumped,
were pooled, concentrated, and then dialyzed against bufferRhodamine 590 dye laser that was further amplified in a
B at a volume ratio of 1:200. Aliquots were stored-80° 540 Hz dye amplifier. These pulse trains were split into two
C for later use. Reaction centers obtained by this methodbeams. Each beam was used to generate a white-light
had an absorbance ratio between 280 and 800 nm that rangedontinuum. A spectral region was selected from one of the
from 1.8 to 2.1 in wild-type reaction centers and from 2.0 two continua by passing it through an appropriate interference
to 2.2 in mutant reaction centers. This isolation procedure filter at the desired excitation wavelength and then this was
does not yield reaction centers as pure as can be obtainedeamplified in a dye amplifier. The other continuum beam
by other methods4@). However, the yield is considerably was used directly as the source of probe pulses and whole
higher using this technique, and a similar procedure has beerspectra were collected simultaneously using a dual diode
employed for a number of mutant reaction centerfkin array. The polarization of the probe pulses was set at the
capsulatuswhich are somewhat less stable than wild-type magic angle with respect to that of the excitation pulses. For
(35). Wild-type reaction centers prepared in this way contain all experiments reported, each time scan consisted of 100
the normal complement of bacteriochlorophyll, bacteriopheo- spectra at 1 ps intervals, each encompassing a 300-nm region
phytin, and carotenoid, as determined by HPLC analysis of between 700 and 1000 nm. Data were averaged (1080
extracts 43). However, @ is almost completely missing, shots) per time point.
as assayed by the lifetime of the recombination reaction after To avoid accumulation of the staté 1 the reaction center
a short flash44). Triton X-100-exchanged reaction centers samples, a rotating circular sample cell was used as previ-
were prepared by ion-exchange chromatography as previ-ously described3g, 46). The cuvette had a 3-mm path length
ously described4l). and a circumference of 50 cm. It rotated at about 2 Hz. The
lonic Strength, pH, and Detergent Effect Assays effect total sample volume was about-8 mL. This rotation rate
of ionic strength on the steady-state room temperature spectravas rapid enough so that the excited region of the sample
of wild-type and mutant reaction centers was determined by was removed completely from the excitation beam between
addition of KCI. Reaction center samples were first diluted pulses. The pulse energies used in these experiments were
to an optical density of approximately 2 in buffer B. 0.5 mL approximately 3uJ/pulse [about 15@J/(cn? pulse)]. For
aliquots were then transferred to 1.5 mL microfuge tubes. these experiments, the sample was excited at 820 nm (near
0.5 mL of a “2x” KClI solution was then added to the reaction the peak of the short-wavelength form £§m2-1reaction
centers to give final concentrations of KCI ranging from 0 centers), and the excitation pulses had a spectral width of
to 750 mM. The samples were prepared in this manner soroughly 5 nm (full width at half-maximum). The long-time
that the optical density would be exactly the same for each absorption changes in they@and of P were always less
sample and no normalization of the plots was necessary. Thehan or equal to 20% of the total absorption in that
effect of pH on the steady-state room-temperature spectrawavelength region. Reduced samples were prepared in 0.05%
was determined with the dilution of reaction centers in either Triton X-100, 10 mM potassium phosphate buffer (pH 7.8),
of two buffers, Bis-tris propane (BTP) or 2-amino-2-methyl- 300 mM KCI, and 5 mM sodium dithionite.
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Temperature Effect AssayReaction centers were prepared T T T
in buffer B (10 mM potassium phosphate, pH 7.8 with 0.05% sym2-1
LDAO) and mixed with 100% glycerol in a one-third to two-
thirds ratio, so that the amount of glycerol in solution was
about 67% by volume. Ground-state absorbance spectra of
isolated reaction centers were taken from 300 to 1300 nm 0.5
on a Cary 5 spectrophotometer with a signal averaging time
of 0.300 s and a data interval of 1.00 nm. The spectral

Eluted at high ionic strength

bandwidth was fixed at 2.00 nm and the detector changeover 00 5 i : :

was set to 900 nm. The difference in absorbance due to the © e

detector changeover was subtracted at 900 nm for each CRT) 30mM KCl -
spectrum. The temperature of the sample was controlled C 250 mM KCI

between 290 and 10 K using a helium displex refrigeration ﬁ os — — 750 mM KCl

unit monitored by a thermocouple (APD). The samples were
cooled to 10 K in an optical cell wita 2 mmpath length.
Measurements were taken as the samples warmed from 10 0.0 : : :
K to room temperature because it was found that the spectra

were less likely to become distorted by changes in sample Lo wildiype i
cracking during an increase in temperature. A region of the —  100mMECI
10 K glassy sample free of cracks was placed in the light | ... 250 mM KCI
beam and then the temperature was increased in steps. The 05 —— 750 mM KCI

sample was allowed to equilibrate at each temperature for
10 min before spectra were taken. Air was used as the

reference for these measurements. 0.0 L L 1
600 700 800 900

Wavelength (nm)

RESULTS Ficure 2: Ground-state absorption spectra of mutant and wild-

i . ) . typeRb. capsulatuseaction centers as a function of ionic strength.
Description of the MutationThe sym2-1mutation was The overlaid spectra in this figure were not normalized. Samples

constructed as part of a set of symmetry mutants in which were prepared by a 1/2 dilution of reaction centers in varying
sections of the M subunit were replaced by the analogousamounts of KCl in buffer B. The stock sample of reaction centers
regions of the quasi-symmetrically related L-subuBif)( for the bottom two panels was a dialyzed sample that was previously
Figure 1 shows the detailed changes between the wild-typeffozen. The top panel shows spectra for a reaction center sample
o . . taken directly after elution from a preparative column at high ionic

andsym2-1 puM gene product and indicates which amino strength.
acids come in close contact with which reaction center
cofactors. Among the mutated amino acids are residues thatat low salt for extended periods (even frozen), only partial
come in close contact with P,ABand H.. Figure 1 also reversibility could be achieved. Figure 2 shows a detailed
shows a representation of the structure offfiesphaeroides  analysis of the ionic strength dependence of the spectrum
reaction center L and M sequences, which are homologousof the Q; band of P in reaction centers that had been stored
to theRb. capsulatusequences replaced in this mutant. In in buffer B without additional KCIl at-80 °C after dialysis.
addition, the relative positions and orientations of the When reaction centers aym2-1were subjected to incre-
pigments are showrl). This mutation involves replacing a mentally increasing amounts of KCI, they@and of P
segment in the upper part of the D helix of the M-subunit changed from the short-wavelength, low-salt form in the
with that from the L-subunit. Homology between the primary absence of any added KClI, to a mixture of the 820 and 850
amino acid sequences Bb. capsulatuandRb. sphaeroides  nm forms in the presence of 750 mM KCI (Figure 2). The
is very high &80%) in this region. Thus, theb. sphaeroides  overlaidsym2-1spectra reveal an isobestic point at 845 nm.
structure near P is likely a reasonable model for structural The spectra are essentially unaltered with varying ionic
comparison withRb. capsulatus strength in regions other than the 8680 nm region. The

lonic Strength Dependence of the Band of P Reaction ground-state spectrum of the, @ansition of P in wild-type
centers fromsym2-1freshly eluted after solubilization and  reaction centers could also be altered by changing the ionic
purification on an ion-exchange column in approximately strength, but to a smaller extent. The wild-type spectral shift
350 mM KCI showed a peak absorbance for thet@nsition is only obvious at the very highest ionic strengths, near 750
of P at about 852 nm, essentially the same as wild-type mM. The overlaid spectra of wild-type reaction centers at
(Figure 2, upper panel). However, after these reaction centerdifferent ionic strengths reveal an isobestic point at 860 nm.
were dialyzed against buffer B (10 mM potassium phosphate, Detergent Effects on the Ground-State Absorbance Spec-
pH 7.8, with 0.05% LDAO) with no KCI, the Qtransition trum of sym2-1Adding ionic detergents to treymz2-1Imutant
of P was near 820 nm and appeared as a shoulder on theeaction centers resulted in a much more complete shift
802 nm monomer bacteriochlorophyll transition (the 0 mM between the two spectral forms of P, even after extended
KCI spectrum is essentially the same as the 30 mM KCI storage of reaction centers at low ionic strength. Figure 3
spectrum shown in the middle panel of Figure 2). shows the spectral effects observed in &tim2-1and wild-

If KCl was quickly added back after a brief dialysis, almost type reaction centers as a function of the addition of charged
complete reversibility of the spectral shift could be achieved detergents. As with ionic strength effects, the only region
(data not shown). However, if the dialyzed sample was storedof the reaction center spectrum significantly affected is the
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Ficure 3: Top panel of the figure shows the ground-state FiIGURE 4: Top two panels show the light (photobleached, dashed
absorptioh spectra afym2-Ireaction centers in the presence 0.03% Itl)ne) and datrk (gir ougdlstatet,. solid “tn €) roRom-ttg mperatture absor-
; . . ance spectra afym2-1reaction centers. Reaction centers were

of e];[_hez a ?]egatlt\j/?jlytcharg?de’t\alt%rger;tﬁ ?%oﬁyCh?I%(D%c) OF @ gither dialyzed to buffer B with no added KCI to obtain the short-
E)g'T'IAI\S {Smargfe 4 teo eazgs?:rﬁ o Itmh: a%ée%cgcgfathe:é(lcﬁar ogvavelength form, or freshly purified, undialyzed reaction centers
P p 9€0\vere used for the long-wavelength form. The bottom portion of

detergents. Reaction centers were prepared in buffer B and 7504 fiore shows light-minus-dark difference spectra from 1000 to

mM KCI. The center panel in this figure shows dialyzefm2-1 354"y optained on a Cary 5 spectrophotometer. TheaRd is
reaction centers in buffer B after addition of various concentrations at 1250 nm

of DOC. The bottom panel is the same as the center panel except

using wild-type reaction centers. The DOC concentrations and line o

types in the lower panel are as given for the middle panel. No NO significant effects on the ground-state spectrum were
normalization was applied to the spectral traces shown in any of observed whersym2-1reaction centers were subjected to

th% figure panels. Detergents were added pyl.3additions from pH values ranging from 6.5 to 10.95 as described in Materials
10% stock solutions to 1 mL of sample in a glass cuvette. and Methods. A small degradation of sample was noted at

800-860 nm region. Previous studies have shown that the the highest pH values of 10.5 and 10.95 for both wild-type
position of the P band in isolated reaction centers from wild- andsym2-1reaction centers (not shown).
type Rb. capsulatuss dependent on the nature of detergent ~ Photobleaching Spectrahe top portion of Figure 4 shows
present in the sample@). The peak of the wild-type @ dark and photobleached spectrasgin2-1in both the 852
transition of P shifts from 858 to 848 nm in the presence of nm (long wavelength) and 820 nm (short wavelength) forms.
CTAB (Figure 3, bottom panel). The detergent effect is much The long-wavelength form was obtained from reaction
more pronounced in theym2-1mutant reaction centers, centers taken directly after chromatographic purification and
where the peak shifts from 853 nm in the presence of high elution in high salt from a DEAE column. The short-
salt and the negatively charged detergent, deoxycholatewavelength form was obtained upon dialysis of the long-
(DOC), to about 820 nm in the presence of the positively wavelength reaction centers in buffer B. The photobleached
charged detergent, cetyltrimethylammonium bromide (CTAB) spectra of both forms are nearly identical.
(Figure 3, upper panel). Apparently, the charge of the The bottom portion of Figure 4 shows the light minus dark
detergent, to a great extent, is dominant over any effects ofdifference spectra odym2-1in both the 853 and 820 nm
ionic strength. For example, in the presence of 750 mM KCI, forms in the spectral region where” Rbsorbs near 1250
the addition of CTAB to a final concentration of 0.03% nm. The oscillator strength of the"Rlifference absorbance
resulted in assym2-1steady-state spectrum essentially identi- band near 1250 nm decreases by more than a factor of 2 in
cal to the dialyzedym2-1ground-state spectrum at low KCI  the long-wavelength form relative to the short-wavelength
concentration (compare Figures 2 and 3). The addition of form in both wild-type (not shown) and mutant reaction
incremental amounts of detergent to isoladgth2-Ireaction centers.
centers again revealed an isobestic point at 845 nm for P/P+ Midpoint Potentials as a Function of lonic Strength.
sym2-1reaction centers and an isobestic point at 860 nm Table 1 reports the PAP midpoint potential of reaction
for isolated wild-type reaction centers (Figure 3). centers isolated from wild-type amym2-1reaction centers
pH Effects on the Ground-State Absorbance Spectrum ofat both high and low ionic strengtiThese measurements
sym2-1 Compared to the ionic strength and detergent effects, were performed by monitoring the bleaching of the Q
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Table 1: P/R- Midpoint Potentiald
sample Em (MV)P n°
wild type in buffer B and 20 mM KCI 270 1.045
wild type in buffer B and 280 mM KCl 274 1.066 0.5 §
sym2-1in buffer B and 20 mM KClI 288 0.97
symz2-1in buffer B and 280 mM KClI 318 1.006

2This analysis was done using electrochemical methbdke
potentials are measured versus the Ag/AgCI electrbdés the factor
in the Nernst equation (used to fit the electrochemical oxidation curve)
which denotes the number of electrons involved in the reduction/
oxidation reaction. The statistical error in the data is akbi® mV.

Absorbance
o
(=)

0.5 : . 4
o N\
o X
=i W
£ S \\.
5 :
8 } 0.0 1
= ] 700 800 900
@ .0.02 | const. term=— 7 L Wavelength (nm)
ﬁ LW fom o 1 Ficure 6: Ground-state absorption spectra fm2-1reaction
0031 __ swtom o  eahs centers as a function of temperature between13D K (top panel)
S 00 850 900 950 1000 and 130-210 K (lower panel). The reaction centers were prepared
700 750 in the short-wavelength form at room temperature by dialysis into
Wavelength (nm) buffer B with no salt. Glycerol was then added as a cryoprotectant

FiGURE 5: Amplitude spectra resulting from a global fit of a time/ (21 V:V glycerol to buffered sample).

wavelength surface covering 100 ps of time and 300 nm of
wavelength for both the short and long-wavelength forms of the

T T T

reaction center. The fits were to an exponential and a constant term. Wild Type : - 10K
The exponential term had a rate constant of 19 ps for the long- | 7 K | ... 50K
wavelength form (solid line) and 20 ps for the short-wavelength 05 —— g0k |
form (dashed line). The inset shows the decay of the stimulated — . 130K
emission from the two forms of the reaction centers at 908 nm

(long-wavelength form, solid line) and 888 nm (short-wavelength
form, dashed line).

transition of P from 800 to 850 nm while changing the
ambient potential with an electrochemical ced5(. The

Absorbance
[
[=2

electrochemical titrations were performed in collaboration \ — 130K
with Drs. Nagarajan and Parson at the University of 05 I ' T ;gi -
Washington. The long-wavelength form of thygm2-Imutant \ | . sk

had a P/R- midpoint potential nearly 50 mV higher than
the long-wavelength form of wild-type. Upon dialysis, the

midpoint potential of the mutant dropped by 30 mm ; N .
contrast, wild-type reaction centers showed essentially no 00 7(')0 8(')0 00
difference in the P/ midpoint point potentials of the long- Wavelength (nm)

and short-wavelength forms of the reaction center. FIGURE 7: Ground-state absorption spectra of wild-typ
Initial Electron-Transfer Rate in the Two Different Reac- capsulatusreaction centers as a function of temperature between

tion Center Spectral Form&toom-temperature subpicosec- 10-130 K (top panel) and 136210 K (lower panel). The reaction
ond resolution transient absorbance measuremestg-1 centers were prepared as in Figure 6.

reaction centers were obtained for both reaction centers in

predominantly the long wavelength and short-wavelength and the long-wavelength form at 850 nm. The spectra of
forms. Figure 5 shows the amplitude spectra resulting from the 19 or 20 ps components of the amplitude spectra also
a global fit of a time/wavelength surface covering 100 ps of differ. There is clearly a larger initial absorbance recovery
time and 300 nm of wavelength for both forms using the in the 806G-850 nm region in the short-wavelength form of
equationAexp(—kit) + const. The time constants for P* the mutant than in the long-wavelength form. This appears
decay (and thus presumably the initial electron transfer event)to be partially due to a broadening and blueshift of the
were essentially the same in the two forms (20 and 19 ps stimulated emission and partially due to some ground-state
for the short and long-wavelength forms, respectively). recovery at 820 nm.

Similar measurements on wild-type reaction centers have also Temperature Dependence of the Ground-State Absorbance
shown no difference in initial electron-transfer kinetics Spectrum Figures 6 and 7 show ground-state absorbance

between the short- and long-wavelength for26).(Looking measurements ofym?2-1and wild-type reaction centers
at the constant term in the amplitude spectrum (which is which had been dialyzed into buffer B with no added KCI
essentially the difference absorbance spectrum®ef,P), before mixing with glycerol. As described in the Materials

it is clear that the spectral form of P that was bleached in and Methods, dialysis afym2-1reaction centers at low ionic
the two samples was quite different, with the short- strength results almost entirely in a reaction center conforma-
wavelength form showing the greatest bleaching at 820 nmtion in which the peak of the near-infrared absorbance band
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of the donor, P, is shifted to 820 nm, compared to 850 nm  Two-State Conformational Equilibrium Mod&he present
directly upon isolation at high ionic strength. For the work focuses on a mutant which shows the same types of
measurements in Figures 6 and 7, the temperature wagesponses of its optical spectrum to ionic detergents that have
controlled by a helium displex refrigerator (see Materials been observed previously in wild-type reaction centers,
and Methods) from 250 to 10 K. Spectra at 10 K were except that the spectral shift between forms is considerably
essentially the same as those previously descriB8dfér more pronounced (about 30 nm, Figure 3). The similar
sym2-1reaction centers at 20 K, though the previous behavior observed in the spectrum of reaction centers from
measurements were performed in a Triton X-100-containing this mutant upon changing the ionic strength (Figure 2),
buffer, rather than in LDAO. This apparently has little effect nature of the detergent (Figure 3), and temperature (Figure
on the low-temperature spectra of the reaction center samples6), suggests that these processes have the same underlying
Figure 6 (upper panel) shows a series of spectra taken agnechanism in the mutant as in wild-type. The fact that an
symz2-1reaction centers were warmed from 10 to 130 K. identifiable isobestic point is present in each case suggests
Over this temperature range, the peak of the P bandthat all of these processes can be described in terms of a
absorbance shifted from 855 nm at 10 K to 850 nm at 130 shift in equilibrium between two distinct spectral forms of
K. During this temperature increase, a broadening of the the reaction center. This isobestic point is not as obvious in
long-wavelength absorbance band was also observed. Thersvild-type, but can be seen by comparison and is at 860 nm.
is very little change between 10 and 130 K in the 800 nm This two-state approach is very similar to that taken by Muh
absorbance band. et al. in the analysis of the ENDOR data taken on the two
Whensym2-1reaction centers were warmed from 130 to spectral forms observed for wild-typ28) and will be the
250 K (Figure 6, lower panel), the absorbance near 850 nmbasis for the remainder of the analysis.
decreased and the absorbance near 820 nm increased, lonic Strength Alone Is Not Sufficient To Gent the
revealing a nearly isobestic point at about 838 nm. Note that Reaction Center between the Short- and LongAlength
no isobestic point was observed for temperature changesForms.The ionic strength effect on the spectrumsgm2-1
below 130 K. For comparison, similar measurements are seems to be dependent on how the sample is prepared. Upon
shown in Figure 7 for wild-type reaction centers. The results extensive dialysis at low ionic strength, adding salt back is
for wild-type are similar to thesym2-1mutant, except less  not enough to cause a complete shift to the long-wavelength
pronounced. The overlaid spectra show thet@nsition of form (Figure 2). Similarly, reaction centers frozen at low
P in the wild-type broadening as the temperature is increasedionic strength in the absence of cryoprotectants cannot be
and shifting from a peak maximum at 875 nm at 10 K to shifted back to the long-wavelength form with salt alone [this
865 nm at 130 K with no clear isobestic point. As the wild- has also been observed for wild-typ&8)]. Switching
type reaction centers were warmed further from 130 to 250 detergents, however, will cause a complete shift under either
K, the absorbance at 865 nm decreased and absorbance tof these conditions (Figure 3). This suggests that the ionic
the blue increased showing a nearly isobestic point near 855strength effect on the equilibrium between the two forms is
nm for wild-type reaction centers (Figure 7, lower panel). sensitive to other components that are lost during extensive
dialysis or upon freezing, while the detergent effect is not
DISCUSSION (perhaps bound ionic lipid molecules are lost during dialysis
It has been known for some time that there are at leastor freezing which can be replaced by the ionic detergent
two distinct conformations of the bacterial reaction center molecules). For the analysis of the spectral properties of the
with spectral differences in theyQpband of P 23—32, 47). two forms given below, care was taken to use samples as
The specific effects of ionic detergents have been discussedcompletely driven into one spectral form of the mutant or
in some detail by Wang et al26) and Muh et al. 28) for the other as possible.
wild-type Rb. capsulatuseaction centers. In wild-type, there Additional Spectral Properties of the Two Conformational
is a roughly 15 nm shift between the blue absorbing form Forms of the Reaction Center at Room Temperatupon
observed in the presence of cationic detergent and the redohotooxidation of P, the spectrum of the reaction centers in
absorbing form which is found in the presence of neutral or the two forms is essentially identical, implying that the
anionic detergent26). ENDOR measurements of Peveal conformational change affects only the P transition (Figure
that two distinct forms are all that are required to describe 4). This is consistent with the work of Parson and Warshel
the hyperfine coupling data obtained for reaction centers in (48), whose theoretical calculations suggest that (at least in
the presence of different detergents, different ratios of Rhodobactewiridis) the lowest excited state of P would be
detergent to reaction center or varying temperatu@®. (  much more sensitive to changes in the energy of charge
There are significant differences in unpaired spin densities transfer bands of P (which in turn should be sensitive to the
between the two forms2@). These observations were electrostatic nature of the environment) than would other
explained in terms of changes in the energy difference transitions in the reaction center. As has been seen previously
between the HOMOs of the two halves of the bacteriochlo- in wild-type (26, 28), the 1250 nm P transition loses
rophyll dimer and changes in the resonance integral (orbital substantial intensity upon conversion from the long- to the
overlap) between the two bacteriochlorophylls that make up short-wavelength form (Figure 4). The possible reasons for
the dimer. It was concluded that the observed hyperfine this have been discussed by Muh et @B)( Note that the
couplings were most consistent with small changes in the 1250 nm transitions shown in Figure 4 were obtained by
relative orientations of the two halves of the dimer upon comparing freshly prepared reaction centers just off the
changing detergents, rather than, for example, changes incolumn in high ionic strength to dialyzed reaction centers
the position of the ring | acetyl group which is known to in low ionic strength buffer. This gives the same oscillator
shift the spectrum. strength changes that Muh et a28], have seen in wild-
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type in the presence of different ionic detergents and that on the overall shapes of the spectra). Because the yield of
they have correlated with the changes in the ENDOR charge separation in the short-wavelength form is not 100%,
spectrum. This gives additional evidence that all of these the observed charge separation time for this form may be
observables (ionic strength effects, detergent effects, and thesomewhat faster than the microscopic time constant for
ENDOR spectral changes) have a common origin. charge separation (which might be as slow as 25 ps).
Electron-Transfer Kinetics in the Long- and Short- However, this is a small correction that does not significantly
Wavelength Forms of the Reaction Centérhe larger affect the conclusion that the electron-transfer rates are very
spectral difference between the two forms of the reaction similar in the two spectral forms of the mutant.
center has made it possible to perform fast transient absor- It is noteworthy that a shift in the absorbance transition
bance measurements in which the spectral signatures of theenergy of P by roughly 50 meV (30 nm in this region of the
two forms are much more distinct than that seen previously spectrum) has very little effect on the overall kinetics of
with wild-type (26). The amplitude spectra of the constant initial electron transfer. The 50 meV P* energy increase in
components in Figure 5 represent the difference absorbancehe short-wavelength form afym2-1reaction centers is
spectrum of the charge-separated stdtd P in each of the accompanied by a 30 mV decrease in thePidpoint
two spectral forms (for these experiments, electron transfer potential compared to the long-wavelength form (Table 1).
to the quinone was blocked by quinone reduction). One might Thus, the change in the overall driving force for charge
be concerned that excitation at 820 nm would only excite separation between the two forms of the reaction center is
the 820 nm form of the reaction center, regardless of the presumably on the order of 80 meV (ignoring relaxation
sample conditions. However, it is clear from Figure 5 that processes). The insensitivity of the electron-transfer rate to
under buffer conditions where predominantly the long- this change is consistent with past results that have shown
wavelength spectral form of the reaction centers is present,that increasing the driving force for electron transfer by about
the 850 nm band has been bleached, implying that it is the this amount has very little effect on the electron-transfer rate
long-wavelength form of P that is predominantly undergoing (49). The similarity of electron transfer times between the
electron transfer under these conditions. Similarly, under two forms also suggests that whatever the nature of the
buffer conditions that give rise predominantly to the short- conformational change between these forms is, the relative
wavelength form, the main bleaching band is at 820 nm, distances and orientations of the cofactors involved in the
implying that it is the 820 nm form of P that is predominantly initial electron transfer reaction are not greatly altered.
undergoing photochemistry in this sample. Temperature Dependence of the Ground-State Absorbance
As shown in the inset to Figure 5, the kinetics of the decay SpectrumFigures 6 and 7 show that a similar shift between
of the stimulated emission are essentially identical in the two two spectral forms of the reaction center is observed as the
forms of the sym2-1reaction center, giving decay time temperature is changed from 130 to 250 K. In fact, for both
constants of 19 and 20 ps for the long- and short-wavelengththe sym2-1land wild-type reaction centers, the isobestic points
forms, respectively. The spectrum of the stimulated emission observed in the temperature dependence above 130 K are
can be seen in the 19 and 20 ps component amplitude spectrgimilar to those observed at room temperature upon varying
of Figure 5 near 900 nm. The stimulated emission spectrum salt and detergent (838 vs 845 nm §ym2-Ireaction centers
appears broader and somewhat blueshifted in the short-and 855 vs 860 nm for wild-type reaction centers). The
wavelength form of the reaction center compared to the long- difference in the isobestic points seen in detergent and ionic
wavelength form. The breadth may indicate that even after strength studies at room temperature vs the temperature
dialysis at low ionic strength there is a minority contribution dependence studies likely arises from the glycerol solvent
from the long-wavelength form to the spectrum. This is environment used for the temperature-dependence studies and
consistent with the absorbance spectrum (Figure 2) and thethe fact that there are probably temperature effects on the
difference spectrum of the charge-separated state (thespectrum in addition to varying the relative populations of
constant amplitude spectrum of Figure 5 for the short- the two spectral conformations. Below 130 K, the confor-
wavelength form), which both show some contribution in mational interconversion appears to be complete and other
the 850 nm region where the long-wavelength form absorbs. effects dominate the temperature dependence of the absor-
Comparison of the 19 and 20 ps component amplitude bance band at lower temperatures. The lower end of the glass
spectra of Figure 5 also suggests that there is some groundtransition in the glycerol buffer is at roughly 130 K. This is
state recovery near 820 nm in the short-wavelength form. significant, because it is in this temperature range that
This implies that the yield of electron transfer from the 820 movement of the solvent largely ceases and, below this
nm form may not be unity, presumably because some point, large-scale changes in the protein structure that in-
relatively fast decay path has been introduced by the spectraivolve movement of the surrounding solvent would be frozen
shift that is not present in wild-type or the long-wavelength out.
form. If we assume that all of the negative bleaching in the  The temperature dependence can be analyzed using a
820 nm region is due to yield loss (looking at the 20 ps simple two-state model, consistent with the past analysis of
amplitude spectrum of Figure 5), then the yield of initial the two spectral forms of 28—28). In a two-conformation
charge separation in the short-wavelength form would be system, there should a free-energy difference between the
about 75%. Very likely some of the bleaching decay is two spectral conformations given by
actually decay of stimulated emission extending farther to
the blue in this spectral form of the mutant than in the long- AG = AH — TAS
wavelength form, giving an artificially low apparent yield
of charge separation for the short-wavelength form in the where AH is the change in enthalpy)S is the entropy
mutant (a true yield of 85% would be a good estimate basedchange, and is temperature. If the entropy and enthalpy
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1 (~AH+TASIRT

Aot = As 1+ e(—AH+TA5)/RT+ A 1 4 CAHHTASRT

Note that for the fitting it is assumed that the two basis
spectra,As and A, are temperature independent. This is
almost certainly not strictly true, but over the wavelength
range (which excludes the 800 nm band) and temperature
range considered, it should be approximately correct. The
values ofAs and A_ are allowed to vary separately at each
wavelength and thus the basis spectra are parameters of the
fit, as are the enthalpy and entropy changes. The fit was
constrained to generate only physically reasonable spectra
(no negative absorbance values), and the spectra at the
endpoints of the temperature range were used as initial
guesses for the pure spectra of the long- and short-wavelength
forms of the reaction center. The initial guesses are important.
If one, for example, enters zeros or ones for the initial
absorbance spectra and lets the optimization proceed from
there, the system quickly generates physically meaningless
spectra with negative regions.

The value of the enthalpy change for the conformational

FicuRe 8: Fitting of the temperature-dependent spectrayoh2-1 = jnierconversion obtained from the fit of tsgm2-1data was
reaction centers to a thermodynamic model (see text) resulted in a
temperature dependent change in the relative fractional concentra-220Ut—6000 J/mol and the value of the entropy change was
tions of the two reaction center spectral conformations (top panel). =35 J/(K mol). It is important to note that these specific
This could be interpreted in terms of a negative enthalpy and values of the thermodynamic parameters are presumably
e e o S ravtongh o T o Sprracforment deperdent and vere determined under cond:
of the pure short wavelength and pure%ong-wavelength forn? that tions (r.eactlon centers dialyzed at low ionic strength), which
resulted from the fit are also shown (lower panel). result in almost completely _the short-_w_avelength form_ at

room temperature. The quality of the fit is very good, with

the predicted total spectra being essentially indistinguishable
differences both have the same sign, they will play against (within a few percent) from the measured spectra of Figure
each other. In this case, either changes in the environment between 810 and 950 nm (if the fit was plotted on top of
or changes in the temperature can reverse the sign of thethe data in Figure 6, the fit and data lines would be
free-energy difference between conformational forms, switch- indistinguishable). It is important to note, however, that
ing which form has the dominant population. values of the entropy and entropy changes within 50% of

Using this model, the temperature dependence implies thatthose given (if appropriately balanced against one another),

the longer wavelength form has the more favorable enthalpy, can also give excellent fits. Outside that range, one of the
but the less favorable entropy. Figure 8 shows the enthalpytwo basis spectra must have a negative value for an adequate
and entropy values that result from fitting the temperature fit to be achieved. This uncertainty in the entropy and
dependence of treym2-Ireaction center ground state spectra enthalpy change values comes from the fact that the basis
between 810 and 950 nm taken at five temperatures evenlyspectra are not accurately known and varying them provides
spaced between 90 and 250 K (data from Figure 6). The substantial latitude in the fit.

fitting function was derived assuming that there were two  Fits for the wild-type data were also performed, although
distinct spectral forms whose relative equilibrium populations the changes were less pronounced. If the fit was performed
depended on the temperature as dictated by using the same entropy and enthalpy values determined for
symz2-Ireaction centers, a good fit was obtained, though not
Aot =AsFs t ALFL as good as thesym2-lreaction center fit. Allowing the

KEQ =

F
FS

_L_ (~AH+TASRT

entropy and enthalpy to vary freely for the wild-type data
(with the constraint of physically meaningful basis absor-
bance spectra) resulted in an enthalpy value about 25% lower
and an entropy value roughly a factor of 2 lower than that

HereAs andA, are the absorbance spectra of the pure short determine_d fosym_Z-Jreaction centers. The smaller changes
and long-wavelength forms of the reaction center respectively observed in the wild-type temperature dependence made the
andFs and F, are the fractional amounts of each form at fitting more difficult and the values derived less reliable,

any particular temperatur@&, Ay is the total absorbance of
the sample, an&Kgg is the equilibrium constant for the

but within a factor of 2, which is about the limit of accuracy
due to the lack of experimentally determined basis spectra,

conformational interconversion between the short- and long- the sym2-1and wild-type reaction center temperature de-
wavelength forms of the reaction center (written in that pendence yield similar values for the enthalpy and entropy

direction). Solving the second equation feg and F_ (by
noting thatFs + F_ is 1.0) and substituting into the first

equation gives

of conformational interconversion.

The enthalpy and entropy values determined in Figure 8
imply that the longer wavelength form of the reaction center
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is a more constrained structure than the shorter wavelengthsym2-1mutant or wild-type (reR6, Figure 5) between the
form (either in terms of protein or solvent mobility), but one long- and short-wavelength forms of the reaction center. It
that involves a larger number of ionized or polar groups is possible that a small geometric change in P occurs. The
interacting with one another or with the solvent. Thus, the work of Parson et al. has shown by theoretical calculations
free energy of the longer wavelength form would be sensitive that a small change in the geometry of P can lead to large
to the ionic strength of the surrounding solvent and to the spectral changeg®). If changes in orientation are respon-
charges on closely associated charged detergent moleculesible for the spectral shifts, these changes must be along
as observed. dimensions that do not significantly alter the coupling
Conformational Difference between the 820 and 850 nm between electron transfer components in the system, because
Forms.This raises the question of just what the conforma- electron transfer rates do not vary substantially between
tional change is that occurs between the 820 and 850 nmspectral forms (Figure 5).
forms of the reaction center. A complete answer to this Previous work on bacterial light harvesting systems
question is not yet available, but several points can be madesuggests another possibility. In light harvesting systems, a
from the information presented here in conjunction with change in hydrogen bonding to the bacteriochlorophyll is
previous studies. One obvious possibility for the cause of a attributed to a spectral change from 850 to 820 rad—(
large spectral shift in P is the movement of the ring | acetyl 57). Itis conceivable that there exists some kind of hydrogen-
group on P [discussed by Muh et a28f]. However, this bonding change occurring isym?2-1reaction centers with
seems unlikely both because the expected changes in the spidetergent, ionic strength and temperature. However, mutants
distribution were not observe@8®) and because the changes which introduce or remove hydrogen bonds to P have been
observed in the midpoint potential of P between the two shown to shift the position of the P band by only-11b
spectral forms of the reaction center are small (Table 1). nm, a considerably more modest change than observed here
Mutations known to affect the position of the acetyl group (49).
have large effects on both the transition energy of P and its Another possible explanation for the shift between the
midpoint potential. A case in point is the mutant HF(L168) long- and short-wavelength forms of the reaction center is a
(49). This mutant involves removal of a hydrogen bond to more direct effect on the local electric field in the vicinity
the acetyl group of the A-side bacteriochlorophyll of P and of P. This could be due to a charge interaction between some
shows a 15 nm blueshift in the peak of the P absorbancecharged molecule (detergent, phospholipid, or buffer ion) and
band at room temperature. However, this change also results itself or it could be indirect via changes in the hydration
in a large decrease in the midpoint potential of P (about 80 of the protein, which would alter the effective dielectric
mV). Changing the detergent or ionic environment of the constant. It is interesting that in this respect, at least in wild-
sym2-1mutation results in a 30 nm blueshift in the P type at low temperature, the addition of glycerol seems to
transition but only a 30 mV decrease in the oxidation favor formation of the long-wavelength form of the reaction
potential. In wild-type, a 1815 nm blueshift is observed center 28). Glycerol tends to dehydrate proteins and their
between the two spectral forms, but essentially no changesurroundings. High ionic strength may also cause dehydration
in midpoint potential is measured. These observations, and thus a shift toward the long-wavelength form. Thus, one
combined with arguments based on previous ENDOR possible mechanism of the shift from the long to short-
measurements of the two spectral forms in wild-ty@8) ( wavelength forms of the reaction center could be changes
make a shift in the acetyl group seem less likely than other in the effective field felt by the special pair because of
possibilities as the primary explanation for the spectral shift changes in hydration state and/or surface charge (which
between the two forms. would be sensitive to ionic detergents). If the long-
The fact that the conformational change between the two wavelength form involves a larger number of ionic interac-
spectral forms of the reaction center results in only a tions, then changes in hydration may result in a more
moderate change in the midpoint potential of P inghm2-1 constrained structure for the water both within and around
mutant and no change in wild-type is interesting (Table 1). the reaction center or perhaps less water within the reaction
This presumably means that generating a formal charge oncenter as the conformation closes up to allow more direct
P (via oxidation) does not very strongly favor either the long- interactions between polar groups in the protein. This would
or short-wavelength form of the reaction center. The lack of presumably be a more enthalpically favored form of the
pH sensitivity in the conformational equilibrium also implies system, but would have an entropic cost, as the positions of
that protonation or deprotonation of reaction center residuesthe water molecules, and/or the protein residues, would be
does not substantially change the relative energies of the twomore constrained.
conformational forms (at least rapidly protonatable groups). Hydration effects on conformational changes have been
Thus, the change between the two forms of the reaction observed in a number of other proteins. For example, changes
center probably is not due to protonation of accessible aminoin hydration accompany the reduction of cytochrome oxidase
acids. (58) and the binding of oxygen to hemoglob#®9j. Studies
Muh et al. suggested that a change in the relative geometryon yeast hexokinase binding to its substrate glucose in
of the bacteriochlorophylls in P might be the cause of the solution have shown that changes in the hydration state of
spectral shift upon changing from positively to negatively the protein bring about changes in conformation that affect
charged detergents in wild-type reaction cent@&.(One substrate binding60). There is also evidence for a control-
might expect that such a shift would also change the orbital ling role of water in producing the native bacteriorhodopsin
overlap with neighboring acceptor molecules and thus affect structure 61). The nonnative bacteriorhodopsin structure
the electron-transfer rate. However, no significant difference exhibits altered spectral and kinetic properties of its photo-
in the initial electron-transfer kinetics is seen in either the cycle. Bacteriorhodopsin mutants have been made that affect
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the ability of bacteriorhodopsin to form appropriate water
structures in specific protein cavities, destabilizing the native
form of the protein 61).

In the reaction center itself, calculations of the effects of
protein relaxation on the dielectric constantRb. sphae-
roides reaction centers have shown that the effective
dielectric constant of the protein is in part determined by
the degree of water penetration in the proteG®)( In
addition, past studies of reaction centers in poly(vinyl
alcohol) films have shown that hydration has significant
spectral effectsy, 63, 64).

CONCLUSIONS

The enhanced differences between the spectral forms of 16

the long-wavelength P transition §yn2—1 reaction centers

of these two reaction center spectral forms and the thermo-
dynamics of interconversion between them. The two forms
are functionally similar, undergoing electron transfer with
similar time constants. Thus, largely different transition
energies of the initial electron donor have relatively little
effect on the overall charge separation reaction. In addition,
much of the temperature dependence in the 130 to 295 K

temperature range can be described in terms of a temperature-22.

23.
24.
25.

dependent equilibration between these two forms, giving rise
to an enthalpy change for the interconversior-6000 J/mol

and an entropy change ef35 J/(K mol). Similar thermo-
dynamic parameters can be used to describe the less

pronounced spectral changes with temperature in wild-type. 26.
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