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Abstract Mutation of residues His L168 and Phe M197 in the
reaction centre from Rhodobacter sphaeroides has an unusually
strong effect on the mid-point redox potential (E,) of the pair of
bacteriochlorophylls that form the primary donor of electrons,
tuning E,, over a range of nearly 250 mV. This effect is corre-
lated to the accompanying change in the permanent dipole of the
L168 or M197 residue, suggesting it is mediated by changes in
charge—dipole interactions. Comparisons with mutations made
at a variety of other positions show that this correlation is
particular to this residue pair, perhaps reflecting their proximity
to the ring I regions of the dimer bacteriochlorophylls that form
the overlap region between these molecules. © 2002 Federation
of European Biochemical Societies. Published by Elsevier Sci-
ence B.V. All rights reserved.
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1. Introduction

Reaction centres are integral membrane protein complexes
that convert light energy into a biologically useful form. In
photosynthetic bacteria such as Rhodobacter sphaeroides the
reaction centre consists of a protein scaffold and ten cofactors.
The initial event of energy transduction consists of a light-
induced, transmembrane electron transfer from the primary
electron donor (P), a pair of excitonically coupled bacterio-
chlorophyll (BChl) molecules (Po and Pg) located near the
periplasmic side of the membrane, to a molecule of ubiqui-
none located near the cytoplasmic side of the membrane. Each
of the constituent steps in this transmembrane electron trans-
fer occurs with a yield close to unity.

A large number of experimental and theoretical studies
have been conducted with a view to explaining the remarkable
efficiency of this transmembrane electron transfer. Under-
standing the energetics of individual electron transfer steps
requires the characterisation of a number of parameters, in-
cluding the redox potentials of the electron carriers (see [1] for
a review). A particular feature of the primary electron donor
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Abbreviations: BChl, bacteriochlorophyll; ASPD, change in side-
chain permanent dipole; P, primary donor of electrons; P*, primary
donor cation

is that its redox properties can be investigated in a relatively
straightforward way by chemical titration. The structure of
the reaction centre has evolved in such a way that the P
BChl dimer is more easily oxidised than isolated, monomeric
BChl. The mid-point redox potential of the P/P™ redox couple
(Em P/P) has a value of around 500 mV, whereas E,, BChl/
BChl* has a value of approximately 800 mV.

A large number of mutations have been engineered in the
vicinity of P to investigate how the redox properties of this
BChl pair are influenced by the surrounding protein (for re-
views of this topic see [2-6]). It has been shown that changes
of this protein environment have a significant influence on the
redox potential of P, but the physico-chemical mechanisms
underlying this modulation are not yet clear. It has been pro-
posed that an important aspect of this modulation is the for-
mation of strong hydrogen bonds between the conjugated
carbonyl groups of the P BChls and the surrounding amino
acid side-chains [3,7]. However, it is becoming apparent that
hydrogen bond formation cannot be the sole explanation for
the effects observed, and that the modulation of the redox
potential of P is complex and multifactorial [8].

In the present report, we have analysed the effects of a
series of mutations at positions His L168 [9] and Phe M197
[10]. These symmetry-related residues are located on either
side of the ring I region where the two BChls of the dimer
overlap (see Fig. 1). We show that there is a correlation be-
tween the effect of a mutation on E,, P/P* and the change in
the permanent dipole of the mutated L168 or M197 residue
(ASPD), and that this strong effect is a particular feature of
this pair of residues.

2. Results and discussion

2.1. Changes in E,, PIP" in the L168/M197 series

Residue His L168 was mutated to Phe, Leu, Arg, Lys or
Asp [9], and residue Phe M197 was mutated to His, Arg, Lys,
Asp or Tyr [10]. The reaction centre in which His L168 was
mutated to Phe is denoted HL168F, and an equivalent no-
menclature is used for all other mutations. Values of E,, P/P*
were determined by chemical titration, and had a maximum
error of 10 mV [9,10]. The effect of each mutation is ex-
pressed in Table 1 as the change in E, P/P" relative to the
control titration on the wild-type reaction centre (AE,, P/P").
The values of AE,, P/P™ obtained for the HL168F, FM197Y
and FM197H reaction centres were similar to those reported
previously [3,11-13]. Also listed in Table 1 is a value of AEy,
P/P* reported recently for a HL168E mutant [14]. For the
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Fig. 1. Stereo views of the primary donor of electrons in the Rb. sphaeroides reaction centre. A: Edge-on view of the BChl dimer, showing the
positions of residues His L168, Phe M197, Leu L131, Leu M160, Tyr M210 and Phe L181. B: Face-on view of the dimer, showing how the
BChls overlap at ring I of the macrocycle, and the positions of His L168 and Phe M197 relative to this overlap region. The figure was pre-
pared using the coordinates of the wild-type reaction centre and the program MOLSCRIPT [34].

L168 residue, E, P/P™ decreased in the order H>R >E >
K>D>F>L. Similarly, E, P/PT decreased in the order
H>R>K>Y >D>F for the M197 residue.

The best known feature of His L168 is that it donates a
hydrogen bond to the acetyl carbonyl group of the P, BChl.
Fourier transform (FT)-Raman spectroscopy has shown that
mutation of this His to Phe or Leu removes this hydrogen
bond [15]. The corresponding shift in the position of the band
in the FT-Raman spectra, attributed to the stretching fre-
quency of the C=0 bond, provides an estimate of 4.8-4.9
kcal mol™! for the strength of the bond donated by His

L168 [7,9,15]. Conversely, mutation of Phe M197 to His in-
troduces a new hydrogen bond interaction with the acetyl
carbonyl of the Pg BChl with an estimated strength of 3.3
3.5 kcal mol ™! [7,10]. Table 1 shows the strengths of hydrogen
bonds donated by other residues at the L168 and M197
positions when it was possible to estimate them from FT-
Raman data (see footnote to Table 1). The data argues
against a simple correlation between the strength of the hy-
drogen bond and the value of E,, P/P*. For example, Tyr and
His residues at position M197 donate hydrogen bonds of
similar strengths (3.0 and 3.5 kcal mol™', respectively), but

Table 1
Effects of mutation on the primary electron donor

AE, P/PT (mV) ASPD (Debye) Residue-BChl H-bond (kcal mol~!) Source
His L168 0 0.00 4.90 [15]
HL168R —60 —2.27 ambiguous® [9]
HL168E =75 —3.63 n.d.? [14]
HL168K —86 —2.36 0.00 [9]
HL168D —91 —3.63 2 [9]
HL168F —95 —3.97 0.00 [7]
HL168F —115 —-3.97 0.00 [9]
HL168L —123 —4.66 0.00 [9]
Phe M197 0 0.00 0.00
FM197H 125 3.97 3.30 [7]
FM197H 119 3.97 3.50 [10]
FM197R 78 1.70 2 [10]
FM197K 69 1.61 2 [10]
FM197Y 46 1.14 3.00 [10]
FM197Y 31 1.14 n.d.? [12]
FM197D 20 0.34 2.30 [10]

4FT-Raman spectroscopy yielded ambiguous results, possibly due to sample heterogeneity.

bn.d.: not determined by FT-Raman spectroscopy.

°The band corresponding to the stretching frequency of the acetyl carbonyl of the relevant BChl is absent from the FT-Raman spectrum, possi-

bly as a result of an out-of-plane rotation of the group [10].
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Fig. 2. AE,, P/P™ for mutant reaction centres plotted as a function of the associated ASPD. In all cases, the nature of each mutation is given
as a two letter code (e.g. HF =His to Phe) A: Mutations at the L168/M197 position. A best-fit line was drawn through the data by linear re-
gression, constraining the line to pass through the zero point on both axes (that represents the wild-type complex). B: Mutations at the M160
position (circles) or Leu L131 to His (square). For comparison, the data is superimposed on data for the L168/M197 series from panel A,
shown in grey. C: Mutations at the M210 or L181 position. D: Mutations at other positions in the protein environment of the P BChls. In all
panels, error bars are calculated from the reported error in the original study of the particular mutant complex.

bring about quite different increases in E,, P/P* (+46 and
+119 mV, respectively) [10]. In the case of the L168 position,
a Lys residue produces a value of E, P/PT™ that is 37 mV
greater than when Leu is present at this position, but the
FT-Raman spectrum indicates that the Lys residue also does
not donate a hydrogen bond to the acetyl carbonyl of the Py
BChl [9].

In both series of mutants, presence of a His residue has a
particularly strong effect on E,, P/P*. In the M197 series, the
change in E, P/P" in the presence of a His residue is 50%
greater than in the presence of any other amino acid. At the
L168 position, when considered relative to a Leu residue,
presence of a His residue had twice the effect on E, P/P*
of any other amino acid. A feature of the His side-chain is
that the imidazole ring possesses a large permanent dipole
(4.66 D [16]) that is almost 50% greater than the next most
polar residue (Asn/Gln, 3.13 D [16]). Given this, we have
examined whether there is a correlation between the change
in the value of the side-chain permanent dipole (ASPD) on
mutation of the L168 or M197 residue (Table 1), and the
change in the value of E, P/P™. Values of the side-chain
permanent dipole for amino acids were taken from a recent
paper by Sandberg and Edholm [16]. These values were (in
Debye): Arg, 2.39; Asn, 3.13; Asp, 1.03; Cys, 0.31; Gln,
3.13; Glu, 1.03; His, 4.66; Lys, 2.30; Met, 1.2; Phe, 0.69;
Ser, 1.84; Thr, 1.84; Trp, 2.42; Tyr, 1.83. All other amino
acids were assigned a value of 0.0 D. The analysis assumes
that, where relevant, all of these buried side-chains are in the
uncharged state. We know that this is the case for Asp M197,

as this residue donates a hydrogen bond to the acetyl carbonyl
group of the P BChl [10].

As can be seen from Fig. 2A, AE,, P/PT exhibits an approx-
imately linear dependence on the polarity of the L168/M197
residue pair over a range of almost 250 mV, with the potential
increasing with the sum of the dipole strength of this pair
of residues. The scatter in the plot presumably reflects varia-
tions in precise position and orientation of the dipole relative
to the P BChls in the different mutants, as the residues in the
two series vary considerably in their size and detailed struc-
ture.

2.2. Comparisons with the effect of mutating Leu M160

Does this correlation also apply to other positions in the P
binding pocket? Residue Leu M160 is located close to the
keto carbonyl group of the Pg BChl (Fig. 1), and replacing
this Leu by a more polar residue also increases E, P/P*
[17,18]. Ivancich and coworkers have introduced eight differ-
ent polar residues at the M160 position, and reported that a
His residue brings about the strongest increase in E,, P/P*
(57216 mV) [18]. However, in this case the introduction of
a His residue did not have a markedly stronger effect than any
other mutation (the next most effective residue, Tyr, increased
E;,, P/PT by 52+ 16 mV). With the exception of Lys, all of the
mutations at the M160 position resulted in the formation of a
hydrogen bond with the keto carbonyl of the Pg BChl, as
inferred from the FT-Raman spectrum [18]. However, as dis-
cussed by Ivancich and coworkers, there was no straightfor-
ward correlation between the strength of this bond and the
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increase in E, P/P*. In particular, Asp, Gln, Glu, Tyr and
His mutations introduced hydrogen bonds of the same
strength (3.3 kcal mol™'), but AE, P/P* was 24 mV
(£16 mV) higher in the His mutant than in the Asp mutant,
with Gln, Glu and Tyr having intermediate values. In their
report, Ivancich and coworkers commented on the possible
influence of the electrostatic properties of the introduced res-
idue [18], but they did not carry out a detailed analysis of this
point.

In Fig. 2B, values of AE,,, P/P* reported for the M160 series
of mutants [18] are plotted against calculated values of ASPD,
and the data is superimposed on the equivalent data for the
L168/M197 mutants. As can be seen, the M160 mutants did
not show any obvious correlation between the two parame-
ters. Mutations of the M160 residue that produced similar
changes in the value of ASPD, such as Ser and Tyr, had
markedly different effects on E,, P/P*. Conversely, mutations
that produced similar changes in E,, P/P*, such as Tyr and
His, were associated with rather different values of ASPD.
Also included in the plot is a Leu to His mutation at residue
L131 (square). This is the symmetry-related residue to Leu
M160, and so is adjacent to the keto carbonyl group of the
P, BChl Introducing a His residue at this position has a
similar effect on E;, P/P™ as a Leu to His mutation at position
M160 [7].

2.3. Mutations of Tyr M210 and Phe LI81

A series of mutations has also been made at the symmetry-
related pair Tyr M210/Phe L181 [19-22]. As can be seen from
Fig. 2C, replacement of Tyr M210 with a less polar residue
(Phe, Ile, Leu) produces an increase in E, P/P*, whilst re-
placement of either Tyr M210 or Phe L181 with a more polar
residue produces a decrease in E,, P/P'. In the case of the
former mutations, FT-Raman spectroscopy has shown that
the mutations have no effect on the hydrogen bond interac-
tions between the P BChls and the surrounding protein [23].

The two mutations that did not follow this trend were Tyr
M210 to Glu, and Tyr M210 to Trp. In the latter case, the
published X-ray crystal structure of the Tyr M210 to Trp
mutant shows that the new Trp is positioned such that a six
carbon ring of the Trp side-chain is closer to the P BChls than
the polar part of the side-chain [24]. This structural detail may
explain why a Trp residue at the M210 position has a similar
effect on AE,, P/P* as a Phe, Leu or Ile residue, despite the
fact that a Tyr to Trp mutation involves an increase in per-
manent dipole.

Taking these observations on the Tyr M210 to Trp mutant
into account therefore, there is a reasonable correlation be-
tween AE, P/PT™ and ASPD for the YM210/FL181 series.
However, the dependence of AE, P/P™ on ASPD is not as
steep as for the L168/M197 series, and an increase in side-
chain polarity produces opposite effects in the two classes of
mutants, namely, increases in AE, P/P" in the L168/M197
series and decreases in the M210/L181 series. It is worth not-
ing that the distances between the L181/M210 and L168/M197
pairs and the macrocycles of P BChls are similar, but they
have rather different orientations relative to the P BChls. The
L168/M197 residues are located on opposite sides of the over-
lapping rings I of the P BChls, nearly perpendicular to the
BChl macrocycles, whilst the L181/M210 residues are located
in the same planes as these macrocycles, approximately equi-
distant from the edge of both BChls (Fig. 1).
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2.4. Other mutations in the vicinity of the P BChls

To complete this analysis, Fig. 2D shows data for all other
mutations that have been constructed in the environment of
the P BChls and where AE, P/P* has been reported
[11,12,18,25-30]. Taken together with the rest of the data in
Fig. 2, the general picture that emerges is one in which, apart
from at the L168 and M197 positions and a couple of other
exceptions, single point mutations have the capacity to mod-
ulate £, P/P* over a range of no more than +50 mV. Fig. 2d
shows that, regardless of whether they increase or decrease the
polarity of the environment of P, most mutations increase Ep,
P/P*. Examining the data in detail it becomes obvious that
the position of the mutation has an important bearing on its
effects. As an illustration, a Y - F mutation at residue L162
produced the same AE,, P/P* as an F —Y mutation at residue
L167, despite that fact that these mutations are associated
with equal, but opposite, values of ASPD.

2.5. Tuning of E,, PIP" in the bacterial reaction centre

It is generally accepted that the optical, electronic and elec-
trochemical properties of the P BChls are tuned by the protein
environment. What is not clear is the extent to which this
tuning is achieved by the surrounding protein acting as an
inert scaffold, holding the two P BChls in a very specific
dimeric arrangement, and the extent to which tuning is
achieved by specific BChl-amino acid interactions.

This report collates available data on the effects of muta-
genesis on the redox properties of the P BChls. Most of the
mutations made in the vicinity of the P BChls either have no
effect on E,, P/PT, or produce an increase of =50 mV (Fig. 2),
regardless of whether they involve a decrease or increase in
the polarity of the mutated side-chain. No clear pattern
emerges from the data presented in Fig. 2 when taken as a
whole. A possible explanation for this is that E, P/P' is
principally sensitive to disruptions of the overall structure of
the protein environment. If the reaction centre is engineered
such that the redox potential of P is close to the minimum
achievable (taking into account the interaction with His
L168), then bringing about relaxations in this protein scaffold
through mutation might reasonably be expected to result in
an increase in E, P/P'. It would follow that randomly per-
turbing the structure of P should result, in most cases, in an
increase in E, P/P*.

A subset of the mutations surveyed in Fig. 2D produced a
decrease in E,, P/P*. Notably, these involve a change in acid/
base character from basic to neutral (R —L, R —Q), basic to
acidic (R—E) or neutral to acidic (C—»D, I-D, N—D).
These decreases in E, P/P* have been assigned to charge-
charge interactions, the removal of a positive charge and/or
the introduction of a negative charge stabilising the P* state
[29,30]. The relatively modest change in E;, P/P* produced by
these charge—charge interactions has been attributed to strong
dielectric screening by the surrounding protein/solvent matrix,
perhaps involving counterions that to a large extent alter the
charge—charge interaction with P* into a charge-dipole inter-
action [30].

2.6. The strong influence of the L168/M197 residue pair

The strongest effects on E,, P/P* are seen following muta-
tions of His L168 and Phe M197. The strong correlation
depicted in Fig. 2A suggests that this ~250 mV modulation
is largely a response to the change in the electrostatic inter-
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action between the BChl molecule and the adjacent L168 or
M197 residue. X-ray crystallography of some of these mutant
complexes has shown that the mutations do not induce large-
scale change in the structure of the P BChls and the surround-
ing protein matrix [9,10].

Modulation of redox potential through charge—dipole inter-
actions has been extensively studied in proteins involved in
electron transfer such as cytochromes (see [31] and other ar-
ticles in the same issue). In cytochrome bss, for example, it
was recently shown that such interactions can tune the redox
potential of heme b over a range of nearly 100 mV [32]. In
bacterial reaction centres, similar charge—dipole interactions
were recently suggested to be at the origin of large redox
potential shifts of the Qa quinone molecule observed in
some mutant complexes [33].

As discussed above, the presence of a dipole-bearing residue
at the L168 and M197 positions may, or may not, be accom-
panied by the formation of a hydrogen bond interaction with
the adjacent acetyl carbonyl. However, there is no obvious
correlation between AE, P/P* and the change in hydrogen
bond strength. On the contrary, the correlation found be-
tween the ASPD and AE,, P/P' appears to be valid whether
a hydrogen bond is formed or not. This suggests that, in itself,
the formation of this hydrogen bond has at best a secondary
effect on the redox potential of P.

Another point to note is that there is evidence that the
FM197R, FM197K and HL168D mutations induce a rota-
tion of the acetyl carbonyl group out of the plane of the
dihydrophorbin ring. This proposal is based on the absence
of the band attributable to the stretching mode of the relevant
carbonyl group from the FT-Raman spectrum, indicating that
this carbonyl is no longer part of the conjugated system
of the P BChls [9,10]. In the case of the FM197R mutant
this proposal is supported by the results of X-ray crystallog-
raphy that show a 20° out-of-plane rotation of the acetyl
carbonyl group of the Pg BChl [10]. These three mutations
have no particular effect on E,, P/P* relative to those that do
not appear to affect conjugation of the acetyl carbonyl group.
This indicates that the particularly strong effect of the electro-
static changes at the L168/M197 positions is not mediated by
the acetyl carbonyl group. Given this, it is possible that the
crucial factor is the proximity of the L168/M197 residue pair
to the ring I regions of the P BChls, with the primary donor
being particularly sensitive to the dipole strength of residues
immediately adjacent to this overlap region.
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