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ABSTRACT. The extent of electrostatic contributions from the protein environment was assessed by the
introduction of ionizable residues near the bacteriochlorophyll dimer in reaction centerRfrodobacter
sphaeroidesTwo mutations at symmetry-related sites, M199 Asn to Asp and L170 Asn to Asp, resulted

in a 48 and 44 mV lowering of the midpoint potential, respectively, compared to the wild type at pH 8,
while a 75 mV decrease in the midpoint potential was observed for the mutation L168 His to Glu. The
decrease relative to wild type was found to be approximately additive, up to 147 mV, for various
combinations of the mutations. As the pH was lowered from 9.5 to 6.0, the relative decrease in the midpoint
potential became smaller for each of these three mutations. Titration of the pH dependence of the change
in midpoint potential of the M199 Asn to Asp mutant compared to wild type yieldeH.a/plue of 7.9

and a change in midpoint potential from low to high pH of 59 mV. The major effect of the mutation on
the midpoint potential of the dimer is interpreted as stemming from a negative charge on the residue. An
average dielectric constant of approximately 20 was estimated for the local protein environment, consistent
with a relatively hydrophobic environment for residue M199. The rate of charge recombination between
the primary quinone acceptor and the bacteriochlorophyll dimer decreased in the M199 Asn to Asp mutant
at high pH, reflecting the decrease in midpoint potential.

Charged amino acid residues that are buried in the interior several general predictions can be made for their impact on
of proteins may have a significant impact on the electrostatic the midpoint potential of the bacteriochlorophyll dimer. First,
fields within the protein. Unlike surface charges, which are a negatively charged residue would be expected to stabilize
generally thought to be highly screened and often play a rolethe oxidized dimer, and thus lower the midpoint potential,
in docking sites but have little effect on the fields inside the while a positively charged residue would be expected to
protein, buried charges can influence both the energy andincrease the midpoint potential. Second, the effect on the
the protonation state of nearby groups. Electrostatic interac-midpoint potential should vary inversely with distance, if
tions become particularly pertinent for proteins involved in the dielectric constant is uniform. Third, an increase in the
electron-transfer reactions. For example, a number of theo-effective dielectric constant of the protein will result in an
retical models using crystallographic data from photosyn- increase in screening of a point charge and thus reduce its
thetic reaction centers have indicated that charged residuesffect on the midpoint potential. In addition, an electrostatic
play an important role in the stabilization of charge-separated interaction can be most reliably attributed to a point charge
states 1—6). due to an ionizable amino acid residue if the effect is

Cofactors of reaction centers from purple bacteria include dependent on pH (for examplg, 9). This requires that the
a bacteriochlorophyll dimer, which is the initial electron pKa value of the amino acid residue lies within the range
donor, two bacteriochlorophyll monomers, two bacteriopheo- through which the protein can be titrated.

phytins, two quinones, and a non-heme iron, and among \We have tested the influence of electrostatic interactions
these, only the bacteriochlorophyll dimer has a midpoint on the dimer by site-directed mutagenesis of the reaction
pOtential that is easily determined eXperimentally. The dimer center fromRhodobacter Sphaeroide@istance and hydro_
midpoint potential has been shown to be sensitive to phobicity considerations constrained the positions where a
alterations in nearby residues, including changes in specific charged residue could be effectively introduced near the
interactions such as hydrogen bonds and ligation of the Mg dimer to several nearby amino acid residues, including Asn
atom (reviewed ir). If charged residues are introduced near \199 (Figure 1). This residue is approximately 10 A from
the dimer, new electrostatic interactions should result, and the surface of the reaction center, and is located shortly before
the start of the D transmembrane helix. The closest distance
" This work was supported by the USDA (1999-01753 to J.C.w. from the oxygen or nitrogen atoms of the side chain to the
and J.P.A.) and the NSF (MCB-9817388 to N.W.W.). AL.M.H. was  conjugated atoms of the dimer is approximately 8.5 A, with
3‘;'“5’22%2? by a Graduate Research Training grant from the NSF (DGE- 5y gyerage distance to all of the conjugated atoms of both
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[ Table 1: Changes in Midpoint Potential of the Mutants Relative to
\ /’\ wild Type
! change in midpoint potential (m¥)
L170 mutations pH 6.0 pH 8.0 pH9.5
M199 Asn to His 0 4 9
M199 Asn to Phe -1 1 6
M199 Asn to Asp —-20 —48 —-73
L170 Asn to Asp —24 —44
L168 L168 His to Glu —48 -75 -88
L170 Asn to Asp —83
- + M199 Asn to Asp
5 L168 His to Glu ~110
+ M1.99 Asn to Asp
M199 L168 His to Glu —-127
I ~_ +L170 Asn to Asp
“' r L168 His to Glu —147
+ L170 Asn to Asp
Ficure 1: Structure of the reaction center froRhodobacter + M199 Asn to Asp

sphaeroideshowing bacteriochlorophyll dimer and residues Asn

ML199, Asn L170, and His L168. The view is down the approximate : Mi??ﬁim ﬂo_tec?tialto; mu{ﬁnt mimt’.s thte (Tidpomtfpgteq;ia' of wild
2-fold symmetry axis of the protein. ype at the pH indicated, with an estimated error of 5 mV.

. . " . ) of reduction monitored at the maximum of the dimey Q
agine residue at M199. Additional potentially negatively transition was fit to the Nernst equation € 1).

charged amino acid residues were introduced by the substitu- 1 ansient Optical Spectroscopi.kinetic spectrophotom-
tion of aspartic acid for asparagine at L170, the position on eter of |ocal design was used to measure the rate of charge
the L subunit that is symmetry-related to M199, and the ecompination between the oxidized dimer and the reduced

substitution of glutamic acid for histidine at L1§8, which is primary quinone 12). After addition of terbutryn (0.5 mM),
hydrogen bonded to one of the acetyl substituents of the reaction center sampIeAérgg’ ~1) were excited at 532 nm

bacteriochlorophyll dimer. To inv_esti_gate the additivity O_f with the second harmonic of a Surelight Nd:YAG laser
these effects, three double combination mutants and a t”ple(Continuum) havig a 5 nspulse width, and the change in
combination mutant were also constructed. In this study, we absorption of the Qtransition at 865 ,nm was monitored

Lepct)rt .thehleffec;s lr;}hese mutations on the energy of the The data were fit to a single exponential with a second small
acteriochiorophyll dimer. component from a long-lived state.

MATERIALS AND METHODS RESULTS

Mutagenesis and Reaction Center Isolatidiutations Oxidation—Reduction Midpoint PotentialsThe average
were made in the genes encoding the L and M subunits of yalue for the P/P midpoint potential of the wild-type
the reaction center frorRhodobacter sphaeroides previ-  reaction center was 503 mV, in agreement with previous

ously describedl(0). A seven-residue histidine tag was added measurements1(). The error of the measurements was
to the carboxy terminus of the M subunit of the wild type generally less than 5 mV as determined from multiple
and all of the mutants except M199 Asn to Phe and M199 measurements. No significant difference was observed
Asn to His (Haffa et al., manuscript in preparation). Reaction petween the native and His-tagged versions of the wild type,
centers from the wild type and mutants containing changes g5 previously noted by Goldsmith and Boxerl), The
at M199 were isolated as previously describe@(and His-  mjidpoint potentials at pH 8.0 were determined for the set of
tagged reaction centers were isolated following the protocol nine mutants, and the difference in the midpoint potential
Of G0|dsmlth and BOXer].(l). For measurements in the pH Compared to W||d type was Ca'cu'ated (Tab'e 1) The
range from 7.5 to 8.5, reaction centers were in 15 mM Tris- mjidpoint potentials of the mutants with His or Phe substituted
HCI, 0.01% Triton X-100, and 1 mM ethylenediaminetet- 4t M199 were very similar to that of wild type. The three
raacetic acid (EDTA). The buffer was changed to 15 mM mytants containing the single-site changes to acidic residues,
2-(N-m0rph0|inE)ethanesulfoniC acid (MES) for measure- M199 Asn to Asp, L170 Asn to Asp, and L168 His to Glu,
ments from pH 6.0 to 7.0, and 15 mM 2-(cyclohexylamino)- || showed a decrease in the midpoint potential. The
ethanesulfonic acid (CHES) buffer was used for measure- decreases for the M199 and L170 mutants were similar at
ments from pH 9.0 to 9.5. 48 and 44 mV, respectively, and the decrease for the L168
Titrations. Reaction center sampleaé\éég1 ~100) were mutation was slightly larger at 75 mV. The decrease in the
adjusted to 60 mM KCI, and one or more of the mediators midpoint potential for the L168 His to Glu mutant was
2,3,5,6-tetramethyl-1,4-phenylenediamine (0.13 mM), potas- similar to that seen previously for a His to Phe mutation at
sium ferrocyanide (0.4 mM), potassium tetracyano-mono- this site (L0, 13). The changes in midpoint potential for the
(1,10-phenanthroline)-ferrate(ll) tetrahydrate (0.15 mM), or double mutants were larger than for the single mutants,
dicyano-bis-(1,10-phenanthroline)-iron(ll) dihydrate (0.4 mM) ranging from 83 to 127 mV, and the triple mutant had the
were added. Titrations were performed in a thin-layer largest decrease in midpoint potential of 147 mV.
electrochemical cell as previously described, using a Cary 5 The midpoint potential of the wild type decreased upon
spectrophotometer (Varian) to measure optical absorptionraising the pH, from an average of 518 mV at pH 6.0 to 498
spectra 10). After normalization of the spectra, the extent mV at pH 9.5, as has been reported previous¥; 15). The
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Ficure 2: Difference in midpoint potentialAE,) between the FiIGURe 3: Charge recombination rate between the primary quinone

M199 Asn to Asp mutant and the wild type measured at particular and bacteriochlorophyll dimek{p) as a function of pH for wild

pH values. The line is a fit of the data using the Henderson type and the M199 Asn to Asp mutant. Note the decrease in the

Hasselbalch equation with &pof 7.9. rate with increasing pH for the mutant (circles) compared to the
increase in rate for wild type (squares).

mutants with the Asn to His and Asn to Phe changes at M199 i jnqint potential relative to wild type. These results suggest
behaved similarly. The M199 Asn to Asp mutant showed a {nat His at M199 is not ionized between pH 6.0 and 9.5,

remarkable deviation from this pattern, resulting in a much | nie Asp at this position becomes ionized at high pH, and

larger difference from wild type at high pH than at low pH. - {5t the major effect of the mutation on the midpoint potential
The midpoint potential of this mutant was 20 mV below the - ot the dimer stems from a negative charge on the residue. A

midpoint potential of the wild type measured at pH 6.0, 48 o mparable change in midpoint potential was found when

mV below the wild type at pH 8.0, and 73 mV below the - g was substituted for Asn at the symmetry-related position
wild type at pH 9.5. The midpoint potential of the L170 Asn | 170 The change at L168 due to the His to Glu substitution

to Asp mutant similarly showed a smaller difference of 24 s complicated by the presence of the hydrogen bond between
mV below the midpoint potential of the wild type at pH 6.0 4is 168 and the 3-acetyl group of the dimek7). The

compared to 44 mV below the wild type at pH 8.0, but the gimjjar decrease of 80 mV in the midpoint potential at pH 8
value at high pH could not be determined due to degradation ypserved for the mutation L168 His to PHEOY suggests

of the sample. The L168 His to Glu mutant also showed a y5; 5 significant contribution to changes in midpoint
significant difference at low and high pH in the change in - ,iential in reaction centers with alterations of this residue

midpoint potential compared to the wild type at the same gises from the loss of the hydrogen bond between L168

pH value. _ o _ _ His and the bacteriochlorophyll dimer.
The difference in the midpoint potential between the wild 4, the M199 Asn to Asp mutant, titration of the change

type and the M199 Asn to Asp mutant was determined at i, migpoint potential yielded results that fit well to the
every 0.5 pH unit between pH 6.0 and 9.5 (Figure 2). These pyenqersor-Hasselbalch equation, indicating a change in
points were fit to the HenderserHasselbalch equation, 5 gtonation state of the residue between low and high pH.
yielding a K, value of 7.9 and a difference between the The fit shows that the titration is essentially complete
end points at low and high pH of 59 mv. between pH 6.0 and pH 9.5 (Figure 2). At low pH, where
Charge Recombination Rat@Vild-type reaction centers  ihq agpartic acid residue at M199 is assumed to be protonated,
have a charge recombination rate at pH 8 of approximately {he midpoint potential of the mutant is nearly the same as
10 s* that slightly increases with increasing pH6|. yiid type. At higher pH, the residue should acquire a negative
Measurements of the charge recombination rate in the wild- charge as it becomes deprotonated. The negative charge on
type reaction centers agreed with previous determinations.ihe residue would stabilize the positively charged oxidized
For the M199 Asn to Asp mutant, at values below pH 8, the gjmer. resulting in a lowering of the midpoint potential, as
charge recombination rate showed a trend similar to wild 5 opserved. This description assumes that the mutation
type, but with a slower rate of approximately 6 sAbove introduces negligible changes in the electrostatic contribu-
pH 8, the charge recombination in this mutant deviated tjons of other residues.
markedly from this trend, decreasing sharply until the rate  Thg tjtration of the aspartic acid residue at M199 yields a
was approximately 473, or less than half that of wild type  fitteq PK. value of approximately 8, which is much higher
(Figure 3). than the K, of aspartic acid in solution. Shifts ofq values
of amino acid side chains are well documented in a number
DISCUSSION of proteins (8, 19). For example a glutamic acid introduced
The oxidatior-reduction midpoint potential of the bac- in staphyloccocal nuclease and an aspartic acid in thioredoxin
teriochlorophyll dimer in the reaction center fromR. have measuredif values of 79 (20, 21). Such a shift in
sphaeroideswas used as a probe for the electrostatic pK,is generally explained as being due to the hydrophobic
interaction of the dimer with nearby residues. lonizable nature of the protein interior. The identity of residues near
residues were introduced by mutagenesis, and the differenceAsn M199 indicates that the position is fairly hydrophobic
in the midpoint potential between the mutant and wild type (Figure 4). The nearest residues are Ser M287 and Trp M294,
at different pH values were determined. At residue M199, which appear to form hydrogen bonds with Asn M199 in
substitution of Phe or His for Asn resulted in very little the wild-type structure. Residues Pro M200, Phe M201, and
change in the midpoint potential at any pH, while substitution Gly M283 are also within 4.5 A of the side chain of Asn
of Asp resulted in a highly pH-dependent decrease in the M199. The hydrophobicity of the microenvironment near
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M200 ability of the sample to respond to the presence of charges
when the protein is in a glycerol and buffer glass at 1.5 K

(27) compared to the buffer solution at room temperature

used for these studies.

Further supporting the estimate of 20 for the dielectric
constant is the observed additivity of the midpoint potential
changes in the double and triple mutants. The additivity
shows that the electrostatic interactions between the mutated
residues and the dimer are independent, indicating that the
._/&., charges of these residues are not highly interacting. One

M283 Wpuld not expect two charges separa;ed by 25_A in a medium
with € = 20 to interact strongly. The introduction of Asp at
FIGURE 4: Microenvironment of residue M199. Shown are Asn 170 at the symmetry-related position resulted in a very

M199 and the surrounding amino acid residues, Pro M200, Phe Similar change in the midpoint potential of the dimer

M201, Gly M283, Ser M287, and Trp M294. compared to the introduction of Asp at M199, and in previous
] results, the substitution L166 Asn to Asp was shown to result

M199 was evaluated by calculating the fragmental hydro- i g slightly smaller difference in midpoint potential between

phobic constant32), and a moderately hydrophobic value |ow and high pH of 45 mV 15). The similarity in these

of —1.7 was obtained using this approach. For comparison, yalyes to those of M199 indicate a similar figure for the

M287 £

in hen egg white lysozyme, these values range frefnto dielectric constant, although th&pvalues associated with
1 for buried titratable residues, with the more positive values the pH dependence of the change in midpoint potential in
representing more hydrophobic contributions. the L170 and L166 mutants were not determined.

and a negatively charged amino acid residue can be describegjyinone acceptor and the dimer in wild type shows a slight

by Coulomb’s law: increase with increasing pH, while in the M199 Asn to Asp
mutant a distinct decrease in the rate is observed above pH
— QQ, 8 (Figure 3). In general, an increase in this rate should result

Arregre from an increase in the free energy difference, with a

relationship that can be described by Marcus theory. For wild

where ¢q is the permittivity of a vacuum. The energy of type, the increase in rate from pH 6.5 to 9.5 is associated
interaction {) between the charge®{ andQ,) on the dimer with a net increase of 35 meV in the free energy difference
and M199 is related to the difference of approximately 60 for this reaction, resulting from a combination of energetic
mV between the midpoint potential at low and high pH in changes in both the dimer and the quinodé)( For the
the ftitration curve that is corrected for the wild-type M2199 Asn to Asp mutant, the decrease in the rate at high
dependence. With the Faraday constani meV/mV, an pH likely results from a net decrease in the free energy
energy difference of 60 meV is assumed to be equivalent to difference corresponding to the decrease in the dimer
the energy of interaction. The distance) Can be ap- midpoint potential.
proximated by the average distance between the conjugated Qualitatively the observed pH dependence of the charge
atoms of the two bacteriochlorophylls of the dimer and the recombination rate is consistent with the assumption that the
N and O atoms of Asn M199 in the wild-type structure. energy of the charge-separated state changes as Asp M199
Assuming that Asp in the mutant is in the same position as undergoes a change in ionization with pH. At low pH, this
Asn in the wild type, a value far of approximately 14 A is model would predict comparable rates rather than the
obtained. Substituting these values into Coulomb’s law yields approximate 2-fold lower rate for the mutant compared to
a dielectric constant for the medium) (of approximately wild type. This difference at low pH must arise from a
20. difference either in the coupling or in the reorganization

The dielectric constant is difficult to measure experimen- energy associated with the process. The coupling is probably
tally. Previous estimates for the interior of proteins have beennot significantly altered, as the electronic factors that
generally in the range of HR0 (23—26). It should be noted  influence the coupling, such as the wave functions of the
that this is an average local effective dielectric constant, dimer, are not expected to be different in the mutant.
which is likely to be inhomogeneous throughout the protein, However, the substitution of Asp for Asn in the environment
and it is not a microscopic constargz7( 28). The shift of of the dimer is likely to increase the reorganization energy.
approximately 3 pH units in thelfy value for Asp at M199  An increase in the reaction field energy would be expected
in the reaction center relative to its value in water, reflecting for the introduction of an ionizable residue in a protein
the free energy cost of burying a charged residue, is because of alterations that stabilize the neutral state of the
reasonable for a medium with a dielectric constant in this residue, shifting the i, (19). This response in the nearby
range (9). Thus, the magnitudes of both the change in environment correspondingly should lead to an increase in
energy of the dimer and the shift in th&pvalue for the the reorganization energy associated with oxidation of the
aspartic acid residue are consistent with a relatively nonpolardimer. For wild type, the free energy difference and
local environment for the position of M199 and the dimer reorganization energy for charge recombination are estimated
in the interior of the protein. Lower values within the range to be approximately 500 and 900 meV, respectivel@)(
of 2.1-9.5 that have been estimated for the dielectric Assuming that other parameters are unchanged, a 100 meV
constant of the reaction center probably reflect the limited increase in the reorganization energy for the mutant would



Electrostatic Interactions in Reaction Centers

result in a 2-fold decrease in rate as observed. Thus, although 9.
other factors such as a change in coupling may contribute,
the pH dependence of the rate for the mutant can be
explained with a simple electrostatic model that includes an
increase in the reorganization energy for the mutant com-

pared to wild type.

In addition to the results presented here, electrostatic
interactions have been modeled as having a significant impact
on other electron-transfer rates of the reaction center. Large
effects on initial electron-transfer rates have been shown to
occur upon the introduction of a single ionizable residue near 14.

the active bacteriochlorophyll monomedj. In this mutant,

a pronounced alteration in the direction of electron transfer
has been attributed to a proposed change in the energy of =
the monomer. The introduction of Asp or Lys near different
chromophores of the reaction center also exerts an effect on
electron-transfer rate8Q, 31). Residues near the secondary
quinone have been shown to be ionizable and to affect the

energies of the cofactord4, 32—34). The decrease in the

(Haffa et al., manuscript in preparation).
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