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ABSTRACT. Qy-excitation resonance Raman (RR) spectra are reported for two mutant reactions centers
(RCs) fromRhodobacter sphaeroid@s which the photoactive bacteriopheophytin (BPis replaced by

a bacteriochlorophyll (BChl) molecule, designatedday One mutation, (M)L214H, yields the pigment
change via introduction of a histidine residue at position M214. The other mutation, (M)L214H/(L)-
E104V, removes the putative hydrogen bond betw&eand the native glutamic acid residue at position
L104. The vibrational signatures of tie cofactors of the mutants are compared with one another and
with those of the accessory BChls (BCh) in both g-mutant and wild-type RCs. The spectroscopic
data reveal the following: (1) Thg_ cofactor is a five-coordinate BChl molecule with a histidine axial
ligand. The conformation g, and the strength of the Mehistidine bond are very similar to that of
BChl_m. (2) Thepj. cofactor is oriented in the protein pocket in a manner similar to that of  BPh
wild-type. (3) Thes. cofactor of the (M)L214H mutant forms a hydrogen bond with glutamic acid L104
via the G-keto group of the macrocycle. The strength of this hydrogen bond is identical to that formed
between this protein residue and the-Kéto group of BPh in wild-type. (4) The hydrogen bonding
interaction at the gketo site induces secondary cofaetprotein interactions which involve the,£

acetyl and G-alkyl substituent groups. Collectively, the vibrational signatureg,ofndicate that its
intrinsic physicochemical properties are very similar to those of BClllonsequently, the initial charge-
separated intermediate fiitype RCs is best characterized as a thermal/quantum mechanical admixture of
P*5.~ and PPBChI_~ (P is the primary electron donor), as originally proposed by Kirmaier et al. [(1995)
J. Phys. Chem. 98903-8909].

The reaction center (R€)s a membrane-bound protein  C, symmetry in the RC. This symmetry is broken, however,
responsible for the initial charge-separation process in by inequivalences at other positions of the primary amino
photosynthesisl(-6). Bacterial RCs consist of four bacte- acid sequence of the L versus M subunits.

riochlorophylls (BChls), two bacteriopheophytins (BPhs), and  one of the most unusual aspects of the electron-transfer
four other nontetrapyrrolic cofactors arranged in three process in RCs is that it is unidirectional, proceeding only
polypeptide subunits designated by L, M, and H. The down the L branchX6). This unidirectionality is presumably
primary electron donor in RCs is a dimer of BChls, dictated by the asymmetrical distribution of amino acid
designated the special pair or P. The first electron-transfer residues in the L versus M branches. The possibility that
intermediate which accumulates to a substantial populationcertain protein residues might be responsible for unidirec-
is the anion radical of the BPh cofactor in the L subunit tional electron transfer has led to the construction of a variety
(1-6). The X-ray crystal structures of RCs from two of genetically modified RCs in which the L- versus M-side
different purple bacteriaRhodobacter sphaeroideand asymmetries are altered®. S-Type RCs constitute one
Rhodopseudomonaairidis) reveal that P, the accessory general class of these mutant8(19). In these RCs, a
BChls, and the BPhs are arranged in the L and M subunits histidine residue is placed over the face of the primary
such that the macroscopic symmetry is approxima@elfyr— electron acceptor (BRMn wild-type RCs). This replacement
15). The Mg(ll) ions of the two BChls in P and the two results in incorporation of a BChl (designatgd rather than
accessory BChls are each ligated to a histidine residue ofa BPh into the acceptor site. [Altered cofactor composition
the protein 8, 9). This ligation conserves the approximate in RCs can also be accomplished via chemical modification
or exchange technique2().] The BChl molecule differs
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The photochemical behavior of tifetype RCs is dictated  solution 38). Accordingly, these cofactors serve as bench-
by the detailed properties of the initial charge-separated marks for the structural characteristics of typical BChl
intermediate. These properties have been investigated inmolecules. Collectively, the RR data provide further insights
detail by Kirmaier et al. 22, 23). Spectroscopic studies of into structure, axial ligation, and site orientation/fand
B-type RCs reveal that the first intermediate contaihy§,P. how these factors influence the photochemical characteristics
However, the angle between the transition dipole moments of 5-type RCs.
of the optical transitions of P and the anion is rotated by
~20° compared with that observed for the transitions of P MATERIALS AND METHODS

and BPh~ in wild-type RCs 22). One possible explanation The wild-type (strain WS231), (M)L214H mutant, and

for this observation is tha, is rotated in the protein pocket )
! : (M)L214H/(L)E104V mutant RCs were prepared, isolated,
and/or assumes a very different structure from a typical BChl and purified as previously describet( 22, 50). The RCs

molecule. This interpretation does not appear to be consis- . : ) :
tent with preliminary X-ray crystallographic data for (M)- were solublized in 10 mM T”S'.HCI (pH 8)/0.015% Triton
X-100/1 mM EDTA. The quinone-reduced RCs were

L214H S-mutant RCs fronRb. sphaeroide5). However, ; . . AT
the resﬁlution of this data is replatively Io%s()&B A) and the phrepared Iby adding a slight excess of sodium dithionite to
the sample.

detailed orientation/structure gf cannot be assessed with )
certainty. An alternative explanation, favored by Kirmaier ~ 1he RR measurements were made on optically dense (OD
et al., which accounts for the various spectroscopic signatures™1.8/mm at 800 nm; RC concentration63 mM), snowy

of the initial charge-separated intermediate is that this speciesS@mples at 25 K contained in 1 mm i.d. capillary tubes. The

is a thermal/quantum admixture of &~ and PBChl_~ (22, advantages and disadvantages of using snowy versus glassy
23). The complicated nature of the intermediate has led theseSamples have been previously discussiql. (Temperature
workers to designate this species a3 P control was achieved by mounting the sample on a cold tip

In order to fully elucidate the nature of'P in f-type of a closed cycle refrigeration system (ADP Cryogenics, DE-

RCs, it is necessary to have a clear picture of both the 202 Displex).
structure off. and its orientation in the protein pocket. The ~ The RR spectra were obtained using a red-optimized triple
characterization off_ is additionally important because a spectrograph and detection system that has been previously
double mutant, wherein the second replacement is an asparti¢lescribed 88). A Ti:sapphire laser (Coherent 890) pumped
acid placed near the accessory BChl on the active branchby an Ar ion laser (Coherent Innova 4005UV) served as
(BChl) in a B-type background, has been shown exhibit the excitation source. The laser powers were typically 1.5
electron transfer down the normally inactive M branch of mMW. The power density on the sample was lowered by
the RC @6). As noted above, the resolution of the currently defocusing the incident beam. The resulting photon fluxes
available X-ray crystallographic data is not sufficient to (~100 photonss' RC™?) were low enough that only a few
elucidate the detailed structural characteristicg30{25). percent of the RCs exist in photogenerated transient states.
Vibrational spectroscopy and, in particular, resonance Ramanlin order to enhance the longevity of the samples, the capillary
(RR) spectroscopy provides attractive alternative for ad- tubes were repositioned in the laser beam after every scan.
dressing these issues. The vibrational signatures of the ring-The high-frequencyX1300 cn1?) RR data sets for bothi.
skeletal, carbonyl, and substituent modes reflect the confor-and the accessory BChls were obtainedhvdth of signal
mation of the BChl macrocycle, the number and nature of averaging £, 180 x 60 s scans; accessory BChls, 360
the axial ligands to the Mg(ll) ion, and the nature of the 30 s scans). The mid- and low-frequency1300 cn?)
interactions between the substituent groups and the proteinRR data sets gf. were obtained wit 4 h ofsignal averaging
matrix (27—47). To date RR techniques have not been used (120 x 120 s scans), while those of the accessory BChls
to examines-type RCs. were obtained wit 2 h of signal averaging (60« 120 s

In this paper, we report RR studies gftype RCs from scans). Cosmic spikes in the individual scans were removed
Rb. sphaeroidesThe RCs examined include the (M)L214H prior to coaddition of the scans. The spectral resolution was
single mutant and (M)L214H/(L)E104V double mutant. I ~2 cn! in all spectral regions. The spectral data were
the latter mutant, the L104 glutamic acid residue, which is calibrated using the known frequencies of fenchds.(
known to form a hydrogen bond with the&eto group of The Q-excitation RR spectra observed for the wild-type,
the BPh in wild-type RCs 8,9,28-30), is replaced witha  (M)L214H, and (M)L214H/(L)E104V RCs in the mid- and
non-hydrogen-bonding residue. The examination of this low-frequency regions<1300 cnt?) were essentially free
mutant affords the opportunity to determine whetfigiis from interference from fluorescence. As a consequence, the
appropriately positioned in the protein pocket to form an RR signals were readily observed in the absence of back-
equivalent hydrogen bond. All of the RR data were acquired ground corrections. In contrast, the RR spectra observed
using excitation into the red-most,@bsorption bands of  for all three RCs in the high-frequency region{300 cnT?)
the cofactors. Q@excitation was chosen because these were superimposed on an emission background. This
absorption features of the different cofactors are energetically characteristic of the spectra, in conjunction with the fact that
better resolved than the,@r B absorptions, thus affording the Q-excitation RR intensities of the high-frequency modes
better selectivity in the acquisition of RR data for the of BChl are generally lower than those of the mid- and low-
individual pigments 30, 38, 39, 47—49). The RR spectral  frequency modes4g, 49), compromised the quality of the
features off. were compared with those of the accessory spectra. [The pattern of strong mid/low- and weak high-
BChls in wild-type RCs and with these cofactors in the single frequency modes is a general characteristic of the Q
and doubleg-mutant RCs. The spectral features of the excitation RR spectra of BChl and is not specific to BChl in
accessory BChls (at least in wild-type RCs) are identical to RCs 62).] Therefore, all of the high-frequency RR spectra
one another3s, 46, 49) and identical to those of BChl in  were acquired using the shifted-excitation Raman difference
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Ficure 1: Low-temperature (10 K) near-infrared absorption spectra

of wild-type (WS231), (M)L214H, and (M)L214H/(L)E104V RCs.
The absorption difference spectra (wild-typmutant) are shown

in the lower two traces. The arrows in the spectrum of the (M)-
L214H/(L)E104V RC mark the different excitation wavelengths
used to acquire RR spectra.

spectroscopic (SERDS) techniquis(53). The application

of the SERDS method to RCs has been previously discusse

in detail 39, 40, 47—49). Briefly, data sets are acquired at
two excitation wavelengths which differ by small wavenum-
ber increments (typically 10 cr). [The 3 h data acquisition

times indicated above are for each of the two data sets
required to construct SERDS traces]. These data sets ar
subtracted to yield a background-free RR difference (SERDS)
spectrum. The difference spectra presented herein were
obtained by subtracting the initial spectrum from the shifted

spectrum. The spectral window is defined by the initial

spectrum and corresponds to the wavenumber axis show
in the figures. The normal RR spectrum is then reconstructed
from the SERDS data sets by fitting the latter to a series of
derivative-shaped functions (in this case difference bands
generated from Gaussian functions) of arbitrary frequency,

amplitude, and width.

RESULTS

n
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is the Q band of the latter mutant. In the difference
absorption spectra, the slight blue shift of the l6gind of
the (M)L214H/(L)E104V versus (M)L214H mutant RCs
appears as a narrowing of the negative-going difference
feature. This latter feature is predominantly due to the
absence of the Qband of BPh. The blue shift observed
for the Q band of 3. in the (M)L214H/(L)E104V versus
(M)L214H mutant RCs parallels that observed for thg Q
bands of BPh in wild-type versus single (L)E104VRb.
sphaeroidels(22) and (L)E104L Rb. capsulatus(54, 55)
mutant RCs. The latter replacement removes the hydrogen
bond to the G-keto group of BPh The similar mutation-
induced trends observed for the, @and Q) absorption
features inB-type versus normal-pigment composition RCs
led Kirmaier et al. to suggest that glutamic acid L104 also
forms a hydrogen bond with thes®eto group off. (22).

The likelihood that the @band off. occurs in the 778
785 nm region focused the RR studies on this spectral region.
In particular, RR spectra were obtained in-B) nm
excitation increments between 765 and 800 nm. The various
exciting lines used to acquire RR data are marked by arrows
on the near-infrared absorption spectrum of the (M)L214H/
(L)E104V mutant shown in Figure 1. The RR data were
acquired for the wild-type as well as bgihmutant RCs with
these different exciting lines. These studies revealed two
general characteristics of the RR scattering. First, with
excitation in the 776785 nm region, the RR intensity
enhancements observed for b@imutant RCs are at least

010 times larger than those observed for wild-type RCs.

Accordingly, the RR spectra obtained for tieype RCs
with excitation in the 776785 nm region are due almost
exclusively tog. with little or no interference from the
accessory BChls. Second, with excitation at 800 nm, which

@robes the accessory BCh88(-40, 46—49), the RR spectra

obtained for the twg-mutant RCs are essentially identical
to one another and identical to that of wild-type. Accord-
ingly, substitution of BChl for BPh in the acceptor site does
not alter the structural, vibrational, or electronic properties
of the accessory BChls. This view is generally consistent
with the optical absorption characteristics of the accessory
BChls in thef-mutant RCs 18, 19, 22). Owing to the fact
that the vibrational frequencies of analogous modes of BChl
and BCh}, are very close and not resolved for each RC and
among the different RCs, these cofactors of all three RCs
will be denoted collectively as BChi, in the remainder of
the text.

The high-frequency regions of the,@xcitation RR

The low-temperature (10 K) near-infrared absorption spectra of (M)L214HAex= 780 nm), (M)L214H/(L)E104V

spectra of wild-type, (M)L214H, and (M)L214H/(L)E104V

(Aex= 775 nm), and wild-typelex = 800 nm) RCs are shown

RCs are compared in Figure 1. The absorption differencein Figure 2. These exciting lines proh& of the two

spectra (wild-type-mutant) are also shown in the figure. The
Qy-absorption features of boti-mutant RCs are distin-

B-mutant RCs and BChly of wild-type RCs (vide supra).
In Figure 2, the top traces in each panel are the SERDS data;

guished from those of wild-type by the appearance of a new the second traces are the fits of the SERDS data; the third

band in the 776785 nm range and loss of the-@bsorption
band of BPh near 763 nm. The new absorption feature
observed for thgg-mutant RCs has been attributed to the
Q,-band of 5. (18, 22). Closer inspection of the spectral
data reveals that the and of 5. in the (M)L214H/(L)-
E104V mutant is slightly blue-shifted compared with that
of AL in the (M)L214H mutant{775 nm versus-780 nm).

traces are the SERDS residuals (observ@t the bottom
traces are the RR spectra reconstructed from the SERDS data.
The relatively small residuals compared with the SERDS
intensities are indicative of the excellent fidelity of the fits.
Expanded views of the RR spectra in the 151%50-cnt1?
range are shown in Figure 3. This spectral window
encompasses of the region the carbonyl and certain ring-

This shift is evidenced in the normal spectra by the fact that skeletal stretching mode&1{—38).

the Q band of the former mutant is much better distinguished

from the Q bands of the accessory BChls§05 nm) than

The low-frequency regions of thg @xcitation RR spectra
of (M)L214H (Aex = 780 nm), (M)L214H/(L)E104V fex =
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Ficure 2: High-frequency regions of the &@xcitation RR spectra of (M)L214H.{ = 780 nm), (M)L214H/(L)E104V fex = 775 nm),

and wild-type £ex = 800 nm) RCs. For the twg-mutant RCs, the spectra are dueftq for the wild-type RCs, the spectra are due to

BChl_n (see the text). The top traces in each panel are the SERDS data; the second traces are the fits of the SERDS data; the third traces
are the SERDS residuals (observdit)); the bottom trace is the RR spectrum reconstructed from the SERDS data.
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FicUurRe 3: Expanded view of the Qexcitation RR spectra of (M)-
L214H, (M)L214H/ (L)E104V, and wild-type RCs in the region . 1
of the carbonyl and high-frequency ring-skeletal stretching modes. Raman shift (em™)
The data are the same as the bottom traces of Figure 4. FiGURE 4: Low-frequency Q-excitation RR spectra of (M)L214H
(lex = 780 nm), (M)L214H/(L)E104V fex = 775 nm), and wild-
775 nm), and wild-typeldex = 800 nm) RCs are shown in  type (lex = 800 nm) RCs. For the twg-mutant RCs, the spectra
Figure 4. For the tw@-mutant RCs, the spectra are due to are due tg, ; for the wild-type RCs, the spectra are due to BGhl
BL; for the wild-type RCs, the spectra are due to BGhl ~ (S€€ tex).
RR spectra were also acquired for the different RCs in the
midfrequency range (6501300 cnt?) (not shown). The Inspection of Figures 24 (and the spectra obtained in
midfrequency RR data will not be considered in the the midfrequency region) reveals thaj-€xcitation of 5.
characterization o owing to the fact that the vibrational results in a rich pattern of RR scattering throughout the-100
spectra of BChly (or BChl a in general) have not been 1750-cnT?! spectral region. This general feature of the RR
assigned in this region. scattering ofs. parallels that observed for BGhl (48, 49)
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Table 1: Frequencies (crt) and Assignmentsfor Selected RR

bands offf.
pL

descriptiof (M)L214H  (M)L214H/(L)E104V BChly
vCy=0 1678 1685 1687
vCpi=0 1661 1655 1656
vCLCm(y), vCe=0 1648 1637 1644
vCuCy(lll), ¥Ce=0O 1625 1622 1622
YCoCrl(a,B,7.0) 1613 1613 1613
vCuCol(l), ¥CCiu(I11) 1585 1585 1582
OC,H 1463 1463 1468 o
vMgNhis 243 241 241 phytylOOC OCH,
OCuCalkyl 227 232 233 .
SCoCacetyi 109 117 118 Ficure 5: Structure and labeling scheme for BGhl

aTaken from refs 3840. > Mode descriptions are as follows. =
stretch,0 = in-plane deformationy = out-of-plane deformation. The DISCUSSION
designators ¢ Cy, Cy, 1-1V, and a, 3, y, o refer to Figure 5.

The vibrational characteristics g8, provide detailed

and BChl in films 62). The vibrations enhanced with,Q insights into the structure and coordination geometry of the
excitation include carbonyl, ring skeletal, and substituent ofactor and the nature of its interaction with the protein
modes 80, 36, 38-49, 52). RR bands assignable to the matrlx..These features in turn mediate the phyquchem@al
»C=0 vibrations of the Gracetyl and Gketo carbonyl properties ofs. and, hence, how the cofactor participates in

groups are observed in the highest frequency spectral regionth€ initial events of photoinduced charge separation. Two
above 1650 cmt (30, 36, 38, 41-43). RR bands assignable key questions concern the co.nformatlon anq I|g§1t|qn of'the
to stretching vibrations of the £, and unsaturated iCo AL macrocycle and its orientation in the protein binding 5|te._
bonds of the macrocycle dominate the 158®50-cn In the sections below, we discuss each of these issues in
region @8). Bands arising from stretching vibrations of the turn. We then conclu_de with a qlscussmn of how the
C.Co and GN bonds of the macrocycle are the principal structure and Iog:al environment Bf influence the photo-
contributors to the 13001550-cn1! region 88). RR bands physical propelrtles q@f—type RCS' ial LigationTh

due to deformations of the macrocycle and the peripheral pL-Macrocycle Conformation and Axial LigationThe

substituent groups are the principal contributors to the lowest requencies of the ring-skeletal and axial-ligand mode_s of
frequency region of the spectrum, belowB00 cnmt (39 the BChl macrocycle reflect the conformation of the ring
40, 47). ' ' and the nature and number of axial ligands to the Mg(ll)

_ ) L ion (37—40, 44, 45, 56). The vibrational characteristics of
Comparison of the RR scattering characteristicgiom the ring-skeletal modes of BGh} provide a convenient
the two mutant RCs with one gnother and with those of panchmark for assessing these propertig& ofBChi_y are
BChl v reveals that the frequencies and number of RR bandsy,q, fiye-coordinate with histidine serving as the axial ligand
observed in all spectral regions are very similar. In certain (8, 9). In addition, the conformations of the BGH
regions, the spectra f and BChi v are essentially identical  5crocycles are similar to those of BChl in solution and,
(particularly in the midfrequency region). Certain differences hence, reflect a nonperturbing protein environm@8).(The
are observed between the intensities of analogous RR ba”d%ppearance of the ring-skeletal stretching mod@.Co-
of the different cofactors. These dlffgrenpes arise in large (a,B,7,0), near 1613 cmt is the key vibrational signature
part because the energies of the exciting lines relative to thegy, 4 pentacoordination geometry of BCBIZ-31, 38, 56).
Qy-band origins_ of the cofactors are not identical for the Tpe frequency 0FC.Cm(a,3,,0) does not, however, identify
spectra of the different RCs shown in Figures® Indeed, pjstigine as the axial ligand. In this regard, RR bands due
the exact position of the gband origins foff, are difficult g the stretching of the magnesitithistidine bondyMgNys
to locate owing to the fact that these absorptions overlap haye recently been identified in thg-@xcitation spectra of
the Q bands of BChlw and BPl. BChl_y near 240 cm* (39, 40). Bands assignable to the
The fact that the RR signatures 8f are so similar to ~ doming vibration of the BChl core;Mggme have also been
those of BChly permits assignment of the vibrational modes identified near 137 crt (39). The characteristics of the
of the former cofactor by direct analogy to those of the latter. axial-ligand stretching and macrocycle doming vibrations of
The rationale for the various vibrational assignments of j. are key to understanding the detailed structure of this
BChl_u has been previously discussed in detail and will not cofactor.
be reiterated here88—40, 47). The frequencies of selected Comparison of the vibrational signatures of the ring-
high- and low-frequency RR bands @f are compared with  skeletal/axial-ligand modes @f in the two differen{3-type
those of BChly in Table 1. The table is not intended to be RCs with one another and with those of BChlreveals
comprehensive. Instead, the bands listed were chosercertain clear trends.
because they illustrate specific similarities or differences (1) ThevC.Cn(a.,8,7,0) modes of§. in both 5-type RCs
between the vibrational signaturesff in the two mutant occur near 1613 cmi, as is the case for BChl (Figure 4,
RCs and/or betweep. and BChly. In addition, firm Table 1). The frequencies of the other ring-skeletal stretching
vibrational assignments are available for all of these modesvibrations of the twg3. cofactors are also similar to one
(38—40). The normal mode descriptions are also included another and similar to those of BGR. There are some
in the table. The various descriptors refer to the structure minor differences among the frequencies for analogous
and labeling scheme for BChl shown in Figure 5. modes; however, these differences are generally less than 5
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cmL. The only ring-skeletal mode whose frequency falls

Czarnecki et al.

of BPh_is still significantly lower (by~14 cnt?) than that

out of this range is the highest frequency ring-skeletal mode of the analogous mode of BRHwhose G-keto group is

of A in the (M)214H/(L)E104V mutant RCs which occurs
near 1637 cm* compared with 1644 cni for 5, in the (M)-
214H mutant and 1648 crhfor BChl_y. The fact that the
(L)EL104V rather than that the (M)L214H mutation results
in the only significant frequency shift of this ring-skeletal
mode in conjunction with the fact that this mode contains
substantialCo—=0 character (Table 1) suggests that the shift
of this mode forg. in the double mutant reflects changes
in Co-keto group-protein interactions rather than macrocycle
conformational differences. The issue of-keto group-
protein interactions will be discussed in more detail below.
(2) The B. cofactors in bothp-type RCs exhibit an
identical pattern of RR bands in the 22B45-cm! region.
This pattern is very similar to that observed for BGhl
Consequently, the-242 cnt! band of thef, cofactors is
assigned to theMgNpis mode by analogy to that observed
for BChl_w (39, 40). Indeed, if the Mg-His linkage were
not present ing., a different spectral pattern would be
expected in the 220245-cnT? region, as has been shown
in previous RR studies of isolated BChl pigments in solid

free from hydrogen bondind( 9, 28—30, 38)]. The lower
than expected frequency of tmM€s=0 mode of BPh has
been attributed to a difference in the dielectric properties on
the L- versus M-side of the protein in the region of the BPh
cofactors §8), as indicated by Stark-effect measurements
on RCs 60). The (L)E104L replacement also affects the
frequency of thevC,;~0 mode of BPh in wild-type RCs
(44). In particular, this mode downshifts by4 cm™. The
origin of this downshift is not certain.

Comparison of the vibrational signatures of h&;—=0
and vC,;=0 modes of_ in the (M)L214H versus (M)-
L214H/(L)E104V RCs reveals a pattern which is very similar
to that observed for BRtn wild-type versus (L)E104L RCs
(44,59 (Figures 2 and 3, Table 1). In particular, th&y—=0
andvC,=0 modes off_ in the (M)L214H RCs occur at
1678 and 1661 cm, respectively. The addition of the (L)-
E104V replacement upshifts the former mode to 1685%m
and downshifts the latter to 1655 cfn Accordingly, both
the direction and magnitude of the (L)E104V/L-induced
frequency shifts of the carbonyl modesfand BPh are

films wherein a keto oxygen atom of an adjacent BChl serves essentially identical. In the doubfemutant, the frequencies

as the axial ligand39, 52). Finally, weak features are also
observed for thed. cofactors near 140 cm which might
be due to the’Mgqome Vibrations. However, these features
are so weak that this assignment is not certain.

Collectively, the vibrational characteristics of the ring-
skeletal/axial-ligand modes of. in both S-type RCs
unambiguously indicate that this cofactor is five-coordinate
with histidine serving as the axial ligand. In addition, the
conformation of thes. macrocycle and the strength of the
Mg—nhistidine bond are very similar to those of BChl
Accordingly, the structure/conformation @f is in every
sense typical of that found for a five-coordinate BChl
molecule in solution 38).

BL-Macrocycle Orientation and Local Eironment. The

of the vC¢=0 andvC,;~=0 modes off. (1685 and 1655
cm1, respectively) are also very similar to those of the
analogous modes of BGh) (1687 and 1656 cn, respec-
tively).

The (L)E104V-mutation-induced shift of th&€y=0 mode
of AL indicates that the &keto group of this cofactor in the
(M)L214H mutant is hydrogen bonded to the glutamic acid
L104, as is also the case for BPhThe similar magnitudes
of the frequency upshifts of theC—~0 modes off. and
BPh_ resulting from the (L)E104V/L replacements further
suggest that the strengths of the hydrogen bonds to the two
different cofactors are nearly identical. The vibrational
signatures of the &acetyl groups off. in bothS-type RCs
indicate that these groups are free of hydrogen bonds, again

frequencies of the carbonyl stretching modes reflect the Paralleling the behavior of Brh Finally, the (L)E104V/L
extent of hydrogen bonding between the different carbonyl "eplacement relaxes the perturbation on theacetyl groups
groups on the BChl macrocycle and the amino acid residues®f A and BPh in a similar fashion. The nature of the

of the protein 27—35, 41—-46). These interactions are

perturbation on the &acetyl group is not clearly delineated

determined by specific contacts as dictated by the orientationPy the behavior of the'C,:=O modes and could involve

of the cofactor in the protein binding site. In addition, the

either an electronic or a structural effect (or both). However,

to the dielectric properties of the local environmeb?-¢
59). The carbonyl-stretching characteristics of both Bhl

acteristics of3. give clear evidence that the perturbation is
structural in origin.

aroundp.. The vibrational signatures of BGhl indicate
that both the Gketo and Ggacetyl groups are free of
hydrogen bonds27—31, 38).2 The latter group of BRhis

peripheral substituent (both carbonyl and other) groups
provide an additional monitor of the interactions between
the BChl macrocycle with the protein matri%%, 61—63).

also free of hydrogen bonds, whereas the former hydrogenThese vibrations principally contribute to the very low-

bonds to glutamic acid L108(9, 38, 59). Removal of the
hydrogen bond to BRhvia (L)E104L replacementRb.
capsulatu} upshifts the frequency ofCo~0 by ~8 cn!
(59). Despite this upshift, the frequency of th€és—0O mode

2The X-ray structure oRb. sphaeroideshows water molecules in
close proximity to the gketo groups of BChlyv (8). As a consequence,

frequency region of the spectrunx250 cnt?), with the
exception of hydrogenic modes which occur at much higher
frequencies (7081500 cnm?Y). Detailed vibrational assign-
ments for the substituent deformations have only recently
become available3g, 39).

Comparison of the very low-frequency<250 cnt?)
vibrational signatures g in the two-type RCs reveals

it has been suggested that these water molecules are hydrogen bondefnany similarities with two clear exceptions (Figure 4, Table

to the G-keto groups of both cofactors. Regardless, the vibrational
signatures for thevCe—0O modes are not commensurate with the
formation of hydrogen bond28—33, 38). In particular, the frequencies
of the vCo—0 modes of BChlu are very similar to those of isolated
BChl in a low dielectric, non-hydrogen-bonding solvent.

1). In the case of the (M)L214H mutant, the deformation
of the Gz acetyl group with respect to the bacteriochlorin
rng, 0CxCacetyp is at ~109 cm! and the deformation
involving the G-alkyl groups on rings |, Il, and IV CyCaiy,
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is at~227 cnt®. These frequencies are distinctly lower than ~ The intrinsically similar properties ofs. and BCh{
those of the analogous vibrations @f in the (M)L214H/ indicate that any differences which do arise must be linked
(L)E104V mutant, for whichiC,Caceryiis at~117 cnmt and to rather specific features of the binding sites of the two
0CyCanyi is at~232 cnml. On the other hand, the frequencies cofactors. The interaction with glutamic acid L104 in the
of the C,Cacetyi and dCyCaiyi modes off. in the latter RC acceptor site is clearly implicated as the key structural feature
are essentially identical to those of the analogous vibrationsresponsible for the differential pigmenprotein interactions

of BChl_ v, which occur at~118 and~232 cnt?, respec- in the two sites. The fact that boflh and BPh experience
tively. A similar trend is observed in the RR intensity many of the same perturbations reinforces the view that the
enhancement patterns of the hydrogenic deformations of theperturbations induced by the L104 glutamic acid are a general

alkyl substituents,0C,H, which occur near 1463 cm feature of the binding site.

(Figure 4) 88). In particular, theYCyH mode ofp,_ is very The secondary perturbations induced by tlek€to/L104

strongly enhanced in the (M)L214H mutant. In contrast, the gjytamic acid interaction may partially explain certain

intensity of this mode is significantly attenuated far in anomalous features of the photophysical properties of (M)-

the L(M214)/(L)E104V mutant and is qualitatively more | 214H versus (M)L214H/(L)E104V RCs. In particular, the

similar to that observed for BGh. free-energy gaps between P* andl P of the former and
Collectively, the vibrational characteristics of th€;—0 latter RCs have been estimated to b&5 and~50 mV,

and vC,;=0 modes strongly suggest that the location and respectively 23). The smaller free-energy gap of the double
orientation off in the protein binding site is similar to that  -mutant is expected because removal of the hydrogen bond
of BPh. Indeed, it is difficult to imagine how cofacter to the G-keto group increases the redox potential of the
protein interactions involving carbonyl groups on opposite pigment 64, 65), thus moving PI~ closer to P*. Neverthe-
sides of the macrocycle could be preservef.iland BPh less, the magnitude of the difference between the free-energy
were not positioned and oriented in an identical fashion in gaps of single versus doubfgtype RCs is considerably
the protein binding site. This view is in general accord with smaller than expected. In this regard, studies of other
that indicated by preliminary X-ray crystallographic data for hydrogen-bonding mutant RCs have shown that each hy-
(M)L214H RCs @5). The fact that thes*Cs=0 andvC,~0 drogen bond to a &keto or Gacetyl group is worth 50
frequencies of. in the doublg3-mutant are similar to those 80 mV in redox potential 4, 65). In comparison, the

of BChl_y further suggests that the strength of the local difference in the P*/PI~ free-energy gaps for the (M)L214H
electric field in the vicinity of the Gketo and Gz acetyl versus (M)L214H/(L)E104V RCs is only¢25 mV.

groups offi. is similar to that near these groups of BGhl The influence of the L104 glutamic acid on the-&etyl

[The »Co—=0 andvC,—0O frequencies of BChi should group could account for the attenuated value of the A*/P

these groups’ cofactors are free of hydrogen borgi<( In particular, the significant frequency difference of the
27-31, 38).] Finally, the vibrational characteristics of the 0C,Cacerymodes off. in the single versus doubemutants
vC2:=0 modes, in conjunction with those of tA€:Cacery suggests that the torsional angles of thg-&etyl groups

0CyCaiy, and 0CyH modes, reinforce the view that the 4re different. The lowerC,=0 frequency forBL in the
hydrogen-bonding interaction between thek@to group and  gouple mutant is qualitatively consistent with rotation of the
glutamic acid L104 influences the exact positionsefand Coracetyl group to a position which affords increased
BPh_in the protein binding site. This interaction in turn conjugation of this group into the-electron system of the
induces secondary interactions between the peripheral SUb'macrocycIe. This would tend to lower the redox potential
stitugnts (Gracetyl and G-alkyl groups) and the protein ¢ B. (66, 67) and would partially compensate for the
matrix. increased redox potential resulting from removal of the

Implications for the Photophysical PropertigsType RCs. hydrogen bond via the (L)E104V replacement. The net result
The vibrational characteristics @f indicate that its con-  would be a P*/PI~ free-energy gap which is smaller than
formation and ligation state are very similar to those of nominally expected.

BChiu. These features in turn suggest that the intrinsic  The detailed aspects of the factors which control the free
redox properties gf. must be qualitatively similar to those energy gaps in the3-type RCs are most likely more

of the BCh|. It must be stressed; however, that the local complicated than described abo@2,(23). Regardless of
environment around, and BChi,w cannot be completely  these details, the behavior exhibited by the pigments
identical, otherwise the {absorption bands for the two types  jjjystrates that a variety of factors must be considered when
of BChls in the RC would not be separated by-25 nm assessing the effects of genetic alterations or when designing
(~400 cm™). The detailed redox properties ff versus  genetic manipulations intended to achieve certain effects. The
BChl, are clearly important for determining the exact fy|| pody of pigment-protein interactions and their influence
contribution of P35~ versus PBChI_ to the initial charge-  on the structural and electronic properties of the cofactors
separated intermediate”P (22 23). Accordingly, the  myst be considered in order to develop a model which
general similarities between the physicochemical properties properly accounts for the complete spectrum of photophysical

of A and BChi suggests that the state§#~ and PBChi_~ characteristics of-type (or any other mutant) RCs.
must both make substantial (but not necessarily equal)

contributions to PI-. This view leads to the assessment ACKNOWLEDGMENT

that P'l~ is most aptly described as a thermal/quantum

admixture of P3.~ and PBChI_~. This general picture is We thank Dr. D. Holten for insightful discussions and Dr.
in accord with the conclusions reached by Kirmaier et al. V. Palaniappan for assistance in initiating thg&citation
(22, 23). RR studies.
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