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ABSTRACT: The primary donor, P, of photosynthetic bacterial reaction centers (RCs) is a dimer of
excitonically interacting bacteriochlorophyll (BChl) molecules. The two constituents are nansetiP

Pw to designate their close association with the L- and M-subunits, respectively, of the RC protein. A
series of site-directed mutants of RCs fré®hodobacter sphaeroiddgs been constructed in order to
model the effects of hydrogen bonding on the redox midpoint potential and electronic structure of P. The
leucine residue at position M160 was genetically replaced with eight other amino acid residues capable
of donating a hydrogen bond to the &eto carbonyl group of the PBChl a molecule of P. Fourier
transform (FT) (pre)resonance Raman spectroscopy with 1064 nm excitation was used to (i) determine
the formation and strengths of hydrogen bonds on this latter keto carbonyl group in the reduced, neutral
state (P), and (ii) determine the degree of localization of the positive charge on one of the two constituent
BChl molecules of P in its oxidized, radical cation state"YP A correlation was observed between the
strength of the hydrogen bond and the increasefiR*P redox midpoint potential. This correlation is

less pronounced than that observed for another series of RC mutants where hydrogen bonds to the four
qr-conjugated carbonyl groups of P were broken or formed uniquely involving histidinyl residues [Mattioli,

T. A, Lin, X., Allen, J. P. and Williams, J. C. (1998iochemistry 346142-6152], indicating that
histidinyl residues are more effective in raising tH&F™ redox midpoint potential via hydrogen bond
formation than are other hydrogen bond-forming residues. In addition, an increase in positive charge
localization is correlated with the strength of the hydrogen bond and with #H"Redox midpoint
potential. This latter correlation was analyzed using an asymmetric bacteriochlorophyll dimer model
based on Hckel-type molecular orbitals in order to obtain estimates of certain energetic parameters of
the primary donor. Based on this model, the correlation is extrapolated to the case of complete localization
of the positive charge on Rand gives a predicted value for the P/fedox midpoint potential similar to

that experimentally determined for tHeb. sphaeroidedHiL(M202) heterodimer. The model yields
parameters for the highest occupied molecular orbital energies of the twoaB©hktituents of P which

are typical for the oxidation potential of isolated B@hih vitro, suggesting that the protein, as compared

to many solvents, does not impart atypical redox properties to the BCahstituents of P.

The photosynthetic reaction center (R©f purple pho- purple bacteriaRhodopseudomon#Rps) viridis andRhodo-
tosynthetic bacteria is an integral membrane protein whereinbacter (Rb) sphaeroideshave been elucidated by X-ray
the primary light reactions resulting in stable transmembrane diffraction 4—10). The RC photochemistry is initiated by
charge separation occur (for reviews, see ¥ef3). The the photoexcitation of the primary electron donor (P) which
three-dimensional structures of RCs from two species of is a dimer of excitonically interacting bacteriochlorophyll

(BChl) molecules, whose constituents are namedri?l R,
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* Corresponding author. functioning of the RC (for review, see réfl).
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1 Abbreviations: BChl, bacteriochlorophyll; EDTA, ethylenedi- involving P. The physicochemical properties of the two
aminetetraacetic acid; ENDOR, electron nuclear double resonance;BChl molecules of P are largely defined by the extensive

HOMO, highest occupied molecular orbital; LDAO, lauryl dimethyl- - a|actronic system of their macrocycles. Each BChI
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electron donor; Rb, Rhodobacter RC, reaction center;Rps molecule of P possesses tweconjugated carbonyl groups,
Rhodopseudomongasris, tris(hydroxymethyl)aminomethane. the G acetyl and the €keto carbonyl. It has been shown
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Ficure 1: The two bacteriochlorophyd molecules (P and Ry) of the primary donor oRb. sphaeroidesThe axial ligands are not shown.
Leucine M160 is in close proximity to the,&eto carbonyl of . Also shown are the residues His L168, which is engaged in a H-bond
with the G acetyl carbonyl of P, Phe M197, Phe L167, Leu M196, and Leu M156.

that the addition of H-bonds, donated by histidinyl residues, H-bond enthalpy which was correlated with the previously
to the conjugated carbonyl groups of the primary donor in reported change in the’f”* redox midpoint potentiall(7).

Rb. sphaeroideRCs systemmatically raises it8/P* redox Furthermore, this change in the’/P* redox midpoint
midpoint potential from 410 mV (for the case of no H-bonds) potential was related to the degree of positive charge
to 765 mV (for the case of four H-bondslZ, 13. The localization on P in the P* oxidized radical cation using a
increase in the P midpoint potential was observed to correlatesimple Hickel molecular orbital model of an asymmetric
with the strength of the H-bonds on theconjugated € dimer originally described by Platd §) and by Parsonl®,
acetyl and @ keto carbonyl groups1d), and a linear 20) and their co-workers. These changes due to mutations
relationship was found between th&mP" redox midpoint at Leu M160 are compared to the effects of mutations of
potential and the cumulative strengths of multiple histidine- other residues near P, including Phe L167, Leu M156, and
donated H-bonds to PL8). However, comparison of two  Leu M196.

similar mutants oRb. sphaeroide®ne where phenylalanine

M197 was genetically replaced by histidin&4) and one MATERIALS AND METHODS

where it was replaced by tyrosind5), revealed that a ) ) )
tyrosine-donated H-bond to the @cetyl carbonyl group of Mutagenesis, Bacterial Growth and Reaction Center
Pu only modestly raised thef>* redox midpoint potential Isolation. Rb. sphaer0|des?acthn center mutants_ were
by 25 mV while the histidine-donated H-bond, of comparable cor}structed _by oligonucleotide-directed mutagenesis as de-
strength, to the same carbonyl group raised this potential byScribed previouslyX7, 21-23). The genes were expressed
125 mV. This significant difference in the raising of the I the Rb. sphaeroidesleletion strainALM1.1 (24). The

midpoint potential suggested that the chemical nature of the term “wild type (WT) RCs” described in this paper refers to
amino acid donating the H-bond to P may be a significant those isolated from the deletion strain complemented with a

factor in this mechanisml@). plasmid bearing the wild-type RC genes. TRie. .sphaerc.)i.-

In this paper, we report the effects of H-bonding to P with desmutants were grown under nonphotosynthehc condmo_ns,
amino acid residues other than histidine and assess to wha@nd the RCs were isolated using procedures described
extent H-bonds can influence the/P+ redox midpoint ~ Previously @1). Final RC proteins were in 15 mM Tris-
potential. The target site was leucine M160 in the reaction HCl, pH 8, 0.025% LDAO, and 1 mM EDTA.
center ofRb. sphaeroideg¢see Figure 1), and it has been Redox Titrations and Fourier Transform Raman Spec-
genetically replaced with lysine, serine, asparagine, aspartictroscopy. Redox titrations on isolated reaction centers were
acid, glutamine, glutamic acid, and tyrosine as well as performed as previously describell( 22. Room-temper-
histidine. Leu M160 is in close proximity to theg®eto ature Fourier transform Raman spectra were recorded using
carbonyl group of R, and the replacement of Leu M160 a Bruker IFS 66 interferometer coupled to a Bruker FRA
with His has been shown to result in the formation of a 106 Raman module and is described elsewh2sg (Typi-
H-bond with this carbonyl grouplé, 16. In this work, cally, no more than 180 mW of laser power was used, and
Fourier transform (FT) Raman spectroscopy was used tothe spectral resolution was 4 ctn RC samples were in 15
determine the hydrogen bonding state of thge & keto mM Tris-HCI, pH 8, 0.025% LDAO, 1 mM EDTA and were
carbonyl group in mutant reaction centers bearing the above-concentrated to ca. 150 OD at 800 nm using a Centricon
mentioned residues at position M160, and to estimate themicroconcentrating system (Amicon). Samples were poised
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Table 1: Observed Vibrational Frequencies of thek@to Carbonyl Groups, Calculated H-Bond Enthalpies, Determined Localization of
Positive Charge over*P, and Changes in°F** Midpoint Potential for the M160 Series of RC Mutants frd®h. sphaeroides

residue at Py Ce=0 Ar2 AHP P. Ce=0O P. Co=0 % local. o from Em AEn,

mutant M160 (cm™ (cm™®)  (meVv) (P)¢(cm™)  (PHd(cm™ onR® ENDOR  (mV)?  (mV)h
WT Leu 1679 - - 1691.7 1715.0 72.8 68 506 -
LK(M160) Lys 1679 0 0 1691.7 1715.5 74.4 66 511 5
LS(M160) Ser 1664 15 94 1693.6 1715.3 67.8 68 514 8
LN(M160) Asn 1665 14 88 1693.6 1716.3 70.9 70 527 21
LD(M160) Asp 1656 23 145 1693.6 1716.7 72.2 74 539 33
LQ(M160) GlIn 1656 23 145 1694.0 1718.0 75.0 79 544 38
LE(M160) Glu 1656 23 145 1694.2 1718.0 76.3 79 546 40
LY(M160) Tyr 1656 23 145 1693.6 1718.7 78.4 82 558 52
LH(M160) His 1656 23 145 1693.6 1718.7 78.4 83 563 57

a Difference in vibrational frequency of theuPCy keto carbonyl with respect to WP.Calculated H-bond enthalpy as described in 18f
¢ Vibrational frequency of the |PCy keto carbonyl! in the neutral°Rtate.d Vibrational frequency of the PCy keto carbonyl in the oxidized*P
state.® Percent localization of the positive charge ori Balculated from the oxidation-induced upshift of the ®& keto carbonyl vibrational
frequency 13, 25, 29. f Unpaired electron spin density on P the P* state as obtained from ENDOR measuremeh; expressed in the table
in percent? P/P™ midpoint potential {7). " Difference in P/P* midpoint potential between mutant and wild tyger)

A mutation at position M160 which results in a H-bonding
interaction with this keto carbonyl will cause its vibrational
stretching mode frequency to decrease. The degree of this
downshift in frequency reflects the strength of the interaction.
This effect is readily seen in the FT Raman spectra of all
but one of the M160 RC mutants (Figure 2). For the cases
L of the LS(M160) and LN(M160) mutants, the 1679 ¢m
] band is seen to downshift to 1664 ctin For cases such as
P the LD, Q, E, Y, and H(M160) mutants, the 1679 ¢rbband
L-D downshifts to the same spectral region as the 1653 tiand
of the Ry C; acetyl carbonyl group, and so these two bands
overlap. Both Fourier deconvolution and second-derivative
analyses cannot separate the contributions of these two bands.
In such cases, the frequency of thg ® keto carbonyl group
. , . , is taken to be that of the resulting observed frequency of
1600 1650 1700 1750 1800 both bands. The error is estimated to be less tharm .
Raman shift (cm™" ) Figure 2 clearly shows that the FT Raman spectrum of the
FIGURE 2 Fourier transform preresonance Raman spectra of severalLK(M160) mutant is very similar to that of WT and therefore
mutant RCs oRb. sphaeroidelsearing mutations at position M160.  this mutation does not result in the formation of a H-bond
All RCs are in their neutral reduced Btate. Room temperature, 4 on the Ry Co keto carbonyl group.

cm~1 spectral resolution, coaddition of 4000 scans. The 1676'cm .
band (*) in the LS, LN, LD, LQ, LE, LY, and LH(M160) spectra The frequencies of theCy keto carbonyl of all the M160
does not arise from P (see text). mutants are summarized in Table 1. The downshift of the
1679 cm! band exposes another band at 1676 twhich
in their reduced (B and oxidized (P") states using sodium  was underneath this former band. The 1676 tiand
ascorbate and potassium ferricyanide, respectively. Reportegersists in the # FT Raman spectrum and therefore cannot
frequencies are accurate to withinl cnm®. To improve be assigned to any of the conjugated carbonyl group$.of P
the precision of the percent localization of the positive charge The 1676 cm® band has been discussed elsewh&ge 14
over P*, the G keto carbonyl stretching frequencies in Table as well as its possible origing§, 27).
1 were obtained from second derivative analysis of the P Figure 3 shows the*P FT Raman spectra of the M160
and P* FT Raman spectra, and are reported to one decimalgRc ‘mutants. For the WT, when the primary donor is
place. Spectral deconvolution and second derivative analyseg,yigized to its P* state, there is an oxidation-induced upshift
were performed using GRAMS 32 (Galactic Industries). ¢ the 1691 cmt band, corresponding to the. s keto
RESULTS carbonyl group in the Pstate, to 1715 cmt (13, 14. The
magnitude of this 2324 cnt! upshift reflects the degree
Figure 2 shows the room-temperatufeF¥ Raman spectra  of localization of the resulting positive charge on the P
of WT and theRb. sphaeroide$1160 mutant RCs in the  constituent of dimeric P in its oxidized, radical cation state
presence of ascorbate and excited with 1064 nm light. The (13, 14, 25, 28, 2P In a simple model, we assume that the
assignments of the FT Raman bands corresponding to allobserved upshift in frequency of the €y carbonyl stretching
four z-conjugated carbonyl group vibrators of P are discussed frequency is proportional to charge localization and that no
elsewhere 13, 14, 25. The G keto carbonyl group of the  other protein-induced BChl structural changes affecting this
Pw BChl constituent P is the conjugated carbonyl group carbonyl frequency occur as a result of the oxidatiah, (
closest to the Leu M160 residue (Figure 1); the Raman band28). Considering that a non-H-bonded keto carbonyl group
corresponding to its vibrational stretching mode is observed of monomeric BChla** (one-electron oxidation) in vitro
at 1679 cm? in the WT P FT Raman spectrum (Figure 2).  upshifts +32 cnt! (30—33), this upshift was taken to
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i L(M160) at M160; however, they all show a similar correlation
87 between the midpoint potential and localization. Thus, the
o - observed correlation between the localization and the P
g S midpoint potential may not be restricted to amino acids in
A AT H-bonding position to the conjugated system.
3 A ROl DISCUSSION
z A D Siad . . .
g &/\VJ\JQ& In the M160 series oRDb. sphaeroideseaction center
= /\\/ LD mutants reported here, we have studied the effects of different
\/J\ s\ijQ' amino acid residues H-bonding to theKato carbonyl group
\/ N of the R, constituent of P, on the®®* midpoint potential
&E\/\,L:E and the positive charge distribution over"P This work
Y extends our knowledge of the specific role of H-bonding to
\J/\a\/\):j_ the sr-conjugated carbonyl groups of the bacterial primary

donor pair in modulating its redox properties, and reveals
the extent to which the P oxidation potential can be modified

. i by typical protein H-bonds.
Ficure 3: Fourier transform resonance Raman spectra of the M160 ; ; .
RC mutants in their oxidizedPstate (RCs poised in ferricyanide). The strategy of choosing the single M160 position to study

Same conditions as in Figure 2. The 1676 érband () in the the effects of protein H-bonding te-conjugated carbonyl

LS, LN, LD, LQ, LE, LY, and LH(M160) spectra does not arise groups of P may be summarized as follows:

from P (see text). 1. Selecting one site instead of several sites near P reduces
heterogeneous effects arising from slight environmental

1600 1650 1700 1750
Raman shift (cm)

0 " N
:ﬁg{ee:ligt_ 1'I9r?u/s(,) ﬁ]o: |;|v3§ 4025;93;%;:%%22?\/23 fc())r;?NI?_Chl differences in each of the other sites near the fowonju-
(13, 14 corresponds in our model to #Z5% localization gated carbonyl group; of P. ]
of the positive charge on P The validity of the+32 cn1?! 2. The nearbw-conjugated_ carbonyl group of P is that
upshift has recently been tested in a mutant reaction centerf the G keto carbonyl belonging toy? The keto carbonyl
of Rb. sphaeroidesn which the R, constituent is a  9roupsare not susceptible to significant changes in orienta-
bacteriopheophytin molecule [the so-called heterodimer tion with respect to the macrocycle of BChI; the &xetyl
HL(M202) mutant] and where the positive charge resides car.bonyl groups are susceptlb.le to such onentanqnal changes
wholly on the R BChl constituent 29). which are expected to appremably qlter_the physu:_ochemlcal
Table 1 summarizes the percent localization of the positive Properties of P6) and, thus, its oxidation potential.
charge on P for the M160 reaction center mutants as 3. The region around position M160 is situated well
determined by FT Raman. For direct comparison, the within the transmembrane helical section of the RC, and is
unpaired electron spin densityy,, estimated from the largely hydrophobic so that the presence and thus the effects
ENDOR measurementd ), has been converted to percent ©f charged residues on the P midpoint potential should be
values. There is excellent agreement between these twominimized. One can expect the introduced residues, which
different measurements. may be potentially charged, to be in their neutral forms (e.g.,
Non-Hydrogen-Bonding MutantsThe P/P* redox po- protonated carboxylic acid residues which are capable of
tential may be altered without a change in the H-bond donating H-bonds). Furthermore, the @cetyl carbonyl
interactions of ther-conjugated carbonyl groups of P. Table groups of P are located more to the outside of the trans-
2 lists such changes in the midpoint potentials, observed formembrane helices and thus are not in strictly hydrophobic
mutations at other residue positions that do not involve environments. Amino acid residues in this region, which
H-bonding to P. The largest changes in midpoint potential can H-bond to these acetyl carbonyl groups, may be involved
are observed for mutations that introduce a histidine while in other H-bonds and may participate in H-bond networks
other substitutions result in increases of up to 30 mV (Table (see, for example, reg7).
2). None of these mutations change the H-bond interactions 4. Genetically introduced amino acid residues at position
as measured by FT Raman spectroscopy (data not shown)M160 may form H-bonds on thedXeto carbonyl of g.
Similar observations of the raising of thé/P* midpoint By not perturbing the €keto carbonyl of P, we may use
potential have been previously made WRlb. sphaeroides  its oxidation-induced upshift in frequency to accurately assess

RCs bearing mutations at positions M28@)and L162 85), the positive localization over*P in the mutant RCs (see
residues which are not in direct H-bonding contact with the Results).
s-conjugated groups of P. The effects on téPP redox Figure 4 shows a plot of the ™" redox midpoint

potential in other RC mutants which do not change the potential and the strength of the H-bond formed on P for
H-bonding states in P are summarized in Allen and Williams the M160 series of RC mutants. The estimated strengths of
(11). Interestingly, the “non-H-bonding” mutations listed the H-bonds formed were calculated as described il 3ef

in Table 2 also affect the localization of the positive charge and are listed in Table 1. Within the sensitivity and
over P*. The relationship between the localization and the resolution of our Raman measurements (see Results), a
midpoint potential is dependent upon the location of the correlation between the strength of the H-bond to theCp
altered amino acid residue. The substitution of Asn and His keto carbonyl and the°®>* redox midpoint potential can

at M156 results in smaller absolute changes in the midpoint be seen, and can be considered linear, to a first approxima-
potential and localization compared to the same substitutionstion. A similar linear correlation was observed for a series
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Table 2: Properties dRb. sphaeroideRC Mutants with Mutations Near P but Not in H-Bonding Position

mutant FL(L167) FH(L167) FY(L167) LF(M196) LH(M156) LN(M156)
AER2 (£5 mV) +25 +37 +31 +13 +44 +2
% local. on RP 63 84 nd 72 75 65

2 Change in the #>* midpoint potential as compared to wild tygePercent localization of the positive charge ori Balculated from the
oxidation-induced upshift of the RCy keto carbonyl vibrational frequencytd, 25, 29).

@
8

relatively large changes in its midpoint potential. The P
C; acetyl carbonyl group of the WRb. sphaeroidegrimary
donor is engaged in a H-bond with His L168 which when
genetically removed results in a change-85 mV in the
P°/P* redox midpoint potential. As was previously dis-
cussed, the relatively modest rise of 25 mV in tHéPP
redox midpoint potential of the FY(M19Rb. sphaeroides
mutant, compared to that of 125 mV for the FH(M197)
mutant in which a histidine forms a H-bond of comparable
strength to the f? C; acetyl carbonyl, should originate from
the chemical differences between these two different H-bond
donors 13). Accordingly, our results show that the FY(M197)
data point falls onto the line describing the correlation for
the M160 series of RC mutants.

200 o 200 400 From this work on the M160 series of RC mutants and
TOTAL CHANGE IN H-BOND INTERACTION ENERGY (meV) that from previous work3, 14, we may note two important

FiIGURE 4: The change in the°®* midpoint potentials for the general observ_ation_s:_ (i) it appears that his_tidine has the
M160 series of RC mutants &fb. sphaeroideplotted as a function ~ 9réatest effect in raising the midpoint potential of P when
of the estimated H-bond energy (as described ir.Bfon the B comparing other donors forming similar H-bonds of com-
Cs keto carbonyl of P@®); these data points are labeled using the parable strength (Figure 4); (ii) this effect appears to be
one-letter code for the residue at position M160. Linear regression greater for H-bonds to the,Gcetyl carbonyls than for the

analysis of these points yields a line (thick line) of slope 0.259 .
mV/meV, an intercept of 3 mV, and a correlation coefficient of C, keto carbonyls (see, for example, Table 1 inT8f. The

0.819. Also shown are data from another serieRlbfsphaeroides ~ éasons for these behaviors may be rationalized in terms of
?C mutants Wt&ere It-)|-bor|1ds donated fr(f)m hisdtidingl rel&fi)?(la? to all electrostatic and BChl conformational arguments:
our conjugated carbonyl groups were formed or bro , : istid i i iti
including the LH(M160) 13, 14 as well as the FY(M197) RC t (mbE'eg”OStat'C Eff.eCt‘:’hH'St'%'”e I’etSIdl{I'eIS, 'fnpad.d't'otrr‘]
mutant where a H-bond to the I, acetyl carbonyl was formed O F-bonding, may raise the redox potential of = via other
with tyrosine residuem) (15). This line (thin line) was fit with ~ €electrostatic effects in which partial positive charges are
slope of 0.59 mV/meV, an intercept of 32 mV, and a correlation nearby P. Although it cannot be formally excluded, there
coefficient of 0.954 13). is no experimental data to suggest that the histidine residues
forming H-bonds to P in the RC mutants, or His L168 in
of Rb. sphaeroideRC mutants where H-bonds were formed yj|d type, are protonated and therefore positively ionized.
on the four conjugated carbonyl groups of P via the However, the histidinyl imidazole ring side chain, in its
introduction of (multiple) histidine residues (Figure 6 in ref  neytral state, possesses a larger dipole moment than that of
13); however, the slope of the line describing that correlation tyrosiné and the other residues genetically introduced in this
was steeper in the latter work than it is for the M160 series work. Furthermore, the histidinyl imidazole ring is capable
reported here. Bpth correlations are presented in Figure 4of adopting resonance structur&@g), one of which can be
for direct comparison. stabilized by H-bonding and place residual positive charge
Figure 4 indicates that there are at least two types of lines near the primary donor. However, the presence of partial
which can describe the general correlation between the P or full charges is expected to be less probable in hydrophobic
P* redox midpoint potential and H-bonding. The greater regions such as those found near thé€to carbonyl groups
slope of the histidine series of mutants indicates that histidine of P. Additionally, there are greater chances of H-bond
residues, as H-bond donors to P, are more effective in raisingnetworking in the regions near the &cetyl carbonyls37)
its midpoint potential than are other H-bond donors of similar which could result in H-bonding to the histidine residues
H-bonding strength. Consistent with this idea is the observa- already H-bonded to the acetyl carbonyls of P.

tion that, in the M160 series of mutants, the histidine () gch Conformational Effectslt is generally accepted
mutation results in the greatest increase in tA&P redox that the conformation of the BChl macrocycl9) and, in
midpoint potential with a H-bond strength which is compa- paricular, the orientation of the,Gicetyl carbonyl groups

rable to that of Tyr, Glu, GIn, and Asp (Table 1). The line gjgnificantly modulate the physicochemical properties of the
describing the M160 series of RC mutants can be consideredgch| molecule 86). It is possible, therefore, that the

as reflecting the effects of H-bonding on the P redox potential ' ’
without any additional effects which histidine residues may

impart to the P/P* midpoint potential (see below). 2The reported experimental values of the dipole momemysof
imidazole and phenol (in the gas phase) are 3.80 and 1.22 D,

The formation or rupture of H-bonds made by histidine respectively CRC Handbook of Physical Chemistiyide, D. R., Ed.)
residues to the conjugated carbonyl groups of P results inCRC Press, Boca Raton)].

n
8

8

CHANGE IN P/P* REDOX MIDPOINT POTENTIAL (mV)
)
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continuum
(A) (B) ©)
EPIP
EL ED/D+
500 mV
. € T
AE _a ; _m— b : :
/B | A ;R Lo
-IT BChla
H-bond K ; : ;
500 — - 1 - T T T 1 1 T 1 I (1000 mV DIMER C
15 20 25 3,0 35 4,0 45 5,0 55 6,0 P —_—
oL / om @y H]];;rﬁgg_ BPhe a
FIGURE5: The P/P* midpoint_ potentialsEy, for the_ M160 serie_s D
of RC mutants oRb. sphaeroideplotted as a function of the ratio  Ficure 6: (A) Molecular orbital diagram of the model for the BChl
of the unpaired electron spin densities efénd P,oi/pm. The spin a dimer of the reaction center froRb. sphaeroidesRepresented
densities (or percent localization of the positive charge) have beenare the energy levels of the two highest occupied dimer molecular
determined by FT Ramar® (see text) and ENDORN) data (L7), orbitals of P as well as of the HOMOs of Bnd R,. For the M160
and both sets of data are shown. The data were fit using eq 5 andseries of RC mutants, H-bonds to thg k&to carbonyl group of
gave values of_ = 680 meV and3p = 240 meV. Pu are expected to stabilize its HOMO, thus resulting in a

stabilization of the dimer HOMO and consequently a rise in the
formation of H-bonds donated by histidine residues at P°/P+ midpoint potential Eppy) and localization of the positive

P ; ; charge (or unpaired spin density distribution) in.PFitting the
positions L168 and M197 irRkb. sphaeroidefRCs could data in Figure 5 with eq 5 giveS, = 680 meV andfp = 240

result in orientations of the Cacetyl carbonyl groups of  ,av (see Table 3 for the other valuesy E= 800 meV). (B)
constituents Pand Ry, respectively, which effectively raise  Extrapolation of the model in (A) for the case of the BEBIPhe
the midpoint potential and could be significantly different heterodimer. The energy of the HOMO of the BPhe constituent
for other H-bond-donating residues at the same positions.(®m = 1100 meV) used is that of the oxidation of BRag/pically

. - observed in vitro (see text for details). For the heterodirger=
In the three-dimensional X-ray crystal structural model of 730 meV (i.e., 50 meV higher thag in the WT homodimer) and

theRb. sphaeroideRC (8), the H-bonded gacetyl carbonyl g = 190 meV (i.e., 50 meV lower thay in the WT homodimer)
group of R makes an angle of ca. 9With the macrocycle  give a D/D*t midpoint potential ofpp+ = 650 meV. (C) Ranges
while that of Ry makes an angle of ca.°Owith the of typical oxidation potentials of BChd and BPhea in vitro.
macrocycle. No such structure is available for the FH(M197)
RC mutant. monomer MOs are not isoenergetic, most likely due to any
H-Bonding and Localization of the Posi& Charge in P*. one, or a combination, of the following factors: (i) inequiva-
Table 1 indicates that there is a correlation between the P €Nt protein environments and interactions; (ii) different
P+ redox midpoint and the degree of localization of the Orientation of substituent groups (e.g» &etyl carbonyls);
positive charge over#* A recent ENDOR study of these  OF (iii) different conformations of the BChl macrocycles
same M160 mutants has also revealed that the increase ifh€mselves. Adding a H-bond to thg Bonstituent should
Po/P+ redox midpoint potential is directly related to the stabilize its MO energy, and therefore the dimer redox orbital
amount of unpaired electron spin density an(F7). Figure will increase in R character. This increase in Bharacter
5 shows the experimentdE, primary donor midpoint will be reflected by observing an increase in positive charge
potentials of the M160 mutants plotted as a functioxef ~localization (or unpaired spin density) op €stimated from
p/pw (ratio of the unpaired electron spin density over P the FT Raman (or ENDOR) spectrum of P The stronger
and Ry) as determined from the Raman data (Table 1) along the H-bond on [, the greater the stabilization of its MO
with the ENDOR dataX(7) for comparison. Both the Raman and thus the greater the unpaired electron (or hole) localiza-
data and the ENDOR data, plotted in Figure 5, show tion on R. Furthermore, the stabilization of the RO due
excellent quantitative agreement even though the models used® H-Ponding will also result in the general stabilization of
to analyze the experimental data in terms of the positive the dimer redox MO, thereby resulting in a rise in thé P

charge localization or the unpaired electron spin density over P redox midpoint potential. o
P+ in each case are qualitatively different. In the model shown in Figure 6, the individual &nd Ry

Among several molecular orbital models developed to highest occupied molecular orbitals (HOMOs) differ in

describe properties of the primary donor dims20, 40— energy by an amounka, and the intermolecular coupling

42), the effects of the H-bond on the/P* redox midpoint  INteraction between Pand Ry can be expressed by the
potential have recently been examined by Artz et dl7) ( resonance integr@b. The Hickel theory relates the energy

and may be qualitatively understood in terms of a simple splitting, AE, of the dimer HOMO and lowest unoccupied

dimer Hickel-type molecular orbital (MO) model) of molecular orbital (LUMO) as

the primary donor, as proposed by Plai8)(and by Parson 5 12

(19, 20 and their co-workers. Figure 6 schematically shows AE =[(Aa)” + (26p)] 1)
the asymmetric dimer molecular orbital model of the primary

electron donor oRb. sphaeroideand depicts the energetic  The ratio of unpaired electron spin densipy,over the P
parameters discussed here. The individual &d R, and R, constituents can be written
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Table 3: Modelling of the Wild-Type Dimer MO Energies

Ei2(meV) Bp?(meV) Epip+° Ev?(meV) Ac?(meV) AE?(meV) En® oulpm?
fitted values 680 240 680 méV 800 120 494 495 meV 2.56
estimated errors + 40 +40 meV +40 +40 +8 +22meV  +£0.8 meV
measured values 64®60 m\° ? ? 3260 506 m\¥ 2.68M 2,12

aparameters for wild type as defined in egs5land depicted in Figure 6 (see text for detaifdp:/D** midpoint potential for the M202
heterodimeRb. sphaeroideRC mutant. P/P midpoint potentiald Value obtained from the extrapolation of eq 5xte= o, with E. = 680 meV.
¢ Measured midpoint potential of the M202 heterodimer mutarRtof sphaeroideg44—46) where all of the positive charge resides aqn Praken
from ref 20. ¢ See Table 1 of this work. As determined from FT Ramarid). ' As determined from ENDORA4({) and Table 1.

ooy =x={Ad/fp + [(AOL/,BD)Z +11%32  (2) of Ey to vary until the values for the midpoint potent,
andp./pu agreed with the experimentally determined values.

The P/P* redox midpoint potentialE,, can be expressed Using this approach, we found thay E= 800 meV yielded

as values of E;, = 495 meV andp./pm = 2.56, in good
agreement with the measured values as seen in the first row
E,n=FE —¢€ (3) in Table 1, and consequentiyo. = 120 meV andAE =
494 meV. We note that the valu&s, = 495 meV ando./
and pm = 2.56 do not strictly coincide with the values given by

. the line in Figure 5, since this line was obtained using eq 5
€ =(AE—Aa)/2 (4) taking into consideratiorall of the wild-type and M160

where the energieE, ande are diagramatically shown in ~Mutant data points to arrive & and/io; Ew andp./ou (as

Figure 6. The PP+ redox midpoint potential can thus be Well as, consequentia, andAE) were obtained by taking
rewritten as 17): into consideratiomnly the experimentally determinds}, and

ou/pm Wild-type values, thus biasing the,parameter toward
E.=E —{—[Bp(1— 2x+ XA q/2x*? + these latter observables for wild type.
2 2 1 The obtained energetic parameters of thaid R, MO'’s,
[4fo" + B (1 = 2+ xz)/4x] 2}/2 ) which reflect the electronic structure of the primary donor
dimer, fall within the range of values of the redox potentials
of isolated BChla oxidation potentials in vitro 43),
suggesting that the protein may not impart atypical redox

The best fit for both the Raman and ENDOR data in Figure properties to these BChl molecules as compared to many
5 was empirically determined by choosing valuesEpf solvents. )
between 560 and 760 meV; these are values for the oxidation Based on these results thaj BndE, appear to be typical
midpoint potentials of BCha in various solvents43) which ~ for BChla, we have used the same asymmetric dimer model
should correspond to the HOMO energy of BChl in the in order to see whether substituting a typical BPhe
respective solvents. Usin§. = 560 meV results in oxidation potential would yield reasonable values for the
unacceptabie fits despite WI’@S value is used. In Contrast, oxidation mldeInt pOtentIal of the M202 heterodimer mutant
usingE, = 760 meV results in a better fit with a reasonable Where the M-side primary donor constituent is a BRlznd
o value (i.e. ca, 150 meV or 1210 ci); however, these ~ Not a BChla molecule. The oxidation potential of BPlae
Bo values result in a curve shape which does not accuratelyin Vitro is between ca. 1000 and 1100 mV. If we use the
describe the data points. Good fits are obtained with €70 ~Same parameters as we have found for the WT dimer, i.e.,
EL < 700 meV and 250> fp > 200 meV. Furthermore, EL =680 mQV,ﬁD = 240 meV, and simply substitute 1100
the curve described by eq 5 extrapolates to a limiting value MeV for By (instead of 800 meV) to represent the BPhe of
of E_ meV, since mathematically theterm in eq 5tends to  the heterodimer, then we obtain & value of 574 meV
be zero for large values a&f= p /oy (Which represents 100%  Which is not in agreement with the*/D*" redox midpoint
localization of the positive Charge on_)P For the case of pOtentIal Of ca. 650mV for the heter0d|mer. Indeed, one
the M202 heterodimer RC mutant Bb. sphaeroidewhere ~ Would need to substitute a value of ca. 2500 meV farté&
complete localization is on Pthe P midpoint potential is ~ ©btain a /P redox midpoint potential of ca. 650 meV from
640-660 mV @4—46). Thus, theE, value should be near the model. This rather high value of,Ewhich is supposed
660 meV. to reflect the oxidation potential of BPlze seems unreason-

Using the above constraints, the best fit of eq 5 for both ably high. Thus, according to our model, it would appear
the Raman and ENDOR sets of data together is obtainedthat one of the parameters, i.E., or o, for the heterodimer
with E. = 680 meV and3p = 240 meV (1940 cmt) with is different as compared to the WT.
errors on these values estimated tatbd0 meV (Table 3). Using a value offp = 120 meV, i.e., half of that found
These values apply to the wild-type dimer and compare well for the modeling of the WT dimer, along with, = 680
with E. = 700 meV and3p = 220 meV found by Artz et  meV and i = 1100 meV, then we obtain a°[D** redox
al. (17) based on the ENDOR data. Having found values midpoint potential of 651 meV ana/ow = 50, in agreement
for EL and p using eq 5, the other energetic parameters, with the experimental values. Because the BChl and BPhe
namely, B, p./pm, Aa, andAE may be found by substitution  constituents of the heterodimer are not strictly the same
into eqs 4. KeepingE, = 680 meV andip = 240 meV molecule, one could expect a change in the coupling between
constant and substituting into egs4, we allowed the value  them, although, arguably, changifig by a factor of 2 may

This equation casts the’lP* redox midpoint potentiak,
in terms of the raticx = p./pm With the two constant&,
(HOMO energy of P) and/3p (the resonance integral).
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seem unreasonable. Alternatively;t400 meV change in  midpoint potentials. A.l. acknowledges Marc Lutz (CEA/
the value ofE_ in the heterodimer would also yield a Saclay) for his interest in this work.
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