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The reaction center (RC) is a membrane-bound protein
responsible for the primary electron-transfer events in photo-
synthesis.1 Bacterial RCs contain four bacteriochlorophyll
(BChl) molecules. Two of the BChls exist as a dimer,
designated the special pair, which serves as the primary electron
donor.1 The other two BChls, designated the accessory BChls,
exist as monomeric species whose detailed function is still a
subject of debate.1 The central magnesium ion of each of the
four BChl cofactors in RCs is ligated to a histidine residue which
serves as the only covalent link to the protein.2 Systematic
spectroscopic studies aimed at elucidating the characteristics
and/or functional importance of the magnesium-histidine
linkage in photosynthetic proteins have only recently begun to
appear.3 These studies have been facilitated by both genetic
and chemical engineering techiques which allow replacement
of the ligated histidines3aor isotopic labeling of these residues,3b,c

respectively. To date, vibrational techniques have not been used
to examine the magnesium-histidine linkage, in large part
because the magnesium-histidine stretching vibration,ν-
(MgNhis), has not been definitively identified in the vibrational
spectrum of any photosynthetic protein or model complex.
As a first step toward a complete characterization of the low-

frequency vibrational characteristics of the BChl cofactors in
RCs, we recently reported near-infrared-excitation resonance
Raman (RR) studies of RCs in which the BChl cofactors were
labeled with26Mg or 15N.4 These studies revealed that four
vibrational modes in the 50-425-cm-1 region are sensitive to
26Mg substitution.4b These include RR bands of the special pair
at 137, 179, 236, and 364 cm-1 and analog bands of the
accessory BChls at 137, 190, 240, and 364 cm-1. For the special
pair, a single set of RR bands is observed because only one of
the two cofactors in the dimer contributes to the spectrum.5a

For the accessory BChls, both cofactors contribute to the RR
spectrum; however, a single set of bands is observed because
the frequencies of the analogous modes of the two cofactors
are identical.5 Of the four26Mg-sensitive modes, only the 179/
190-cm-1 band of the special pair/accessory BChls is also sensi-
tive to [15N]pyrrole substitution. On the basis of the26Mg iso-

tope shifts and the predictions of semiempirical normal coordi-
nate calculations, the 137-cm-1 mode was assigned to the dom-
ing mode of the BChl macrocycle,γ(Mgdome); the 179/190- and
364-cm-1 vibrations were assigned to other vibrations of the
BChl core. The 236/240-cm-1 mode was tentatively identified
asν(MgNhis).4b A definitive assignment ofν(MgNhis) was not
possible, however, because this assignment requires studies of
RCs in which the histidine axial ligands are isotopically labeled.
In this communication, we report low-frequency, near-

infrared-excitation RR spectra of bacterial RCs in which the
histidine residues of the protein are selectively labeled with15N.
For practical reasons, the studies were conducted by comparing
the vibrational signatures of RCs in which15N was universally
incorporated (all cofactors and all protein residues) (designated
all-15N RCs) with those in which [14N]histidine was introduced
as a reverse label (designated14N-His RCs) into the all15N-
labeled RCs.6 The studies of the histidine-labeled RCs reveal
that the vibrational characteristics of the BChl core are far more
complicated than originally anticipated. These results have clear
implications for the photoexcitation dynamics of the BChls in
RCs and may also have significant consequences for the dynam-
ics of exogenous ligand binding to heme-based oxygen carriers.
The low-frequency regions (60-400 cm-1) of the near-

infrared-excitation RR spectra of the special pair (λex ) 894
nm) and the accessory BChls (λex ) 805 nm) in RCs from
Rhodobacter sphaeroides2.4.1 are shown in Figures 1 and 2,
respectively.7 Owing to the fact that the isotope shifts are
relatively small (∼2 cm-1 or less) and the RR spectra ride on
a fluorescence background, the RR spectra of the individual
isotopomers were acquired using the shifted-excitation Raman
difference spectroscopic (SERDS) method.8 The SERDS
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Figure 1. Low-frequency region of the near-infrared-excitation (λex
) 894 nm) RR spectrum of the special pair obtained at 25 K. The
individual traces are discussed in the text.

2594 J. Am. Chem. Soc.1997,119,2594-2595

S0002-7863(96)04107-8 CCC: $14.00 © 1997 American Chemical Society



method and its application to RR studies of RCs are discussed
in detail elsewhere.5,8 In Figures 1 and 2, the first and third
traces are the SERDS data for the14N-His and all-15N RCs,
respectively. The second and fourth traces are fits of the SERDS
data. The isotope-sensitive RR bands are identified by subtract-
ing the raw SERDS data sets of the two isotopomers without
any smoothing or other manipulation of the data. These double-
difference data (14N-His SERDS- all-15N SERDS) are shown
in the fifth traces of each figure. The sixth traces are the fitted
double-difference spectra. The seventh traces are the∆15Nhis

isotope-difference spectra reconstructed from the double-dif-
ference data. The protocols used to obtain and fit the double-
difference spectra and to extract the isotope shifts are identical
to those used in our previous RR studies of RCs in which only
the cofactors were labeled.4 The bottom traces in Figures 1
and 2 are the RR spectra of the [14N]His RCs which were
reconstructed from the SERDS data. In these spectra, the bands
sensitive to15N-histidine substitution are labeled in bold. It
should be noted that the RR spectra of the special pair and
accessory BChls in the14N-His RCs were found to be identical
to those previously obtained for RCs in which only the cofactors
are 15N-labeled.4b These results indicate that15N-labeling of
the amino acid residues of the protein (other than the histidines)
has no effect on the RR spectra of the cofactors.
Inspection of Figures 1 and 2 reveals that three of the four

26Mg-sensitive low-frequency modes of the special pair/acces-
sory BChls are sensitive to15N-labeling of the histidines. These
include the 137-cm-1 band previously identified asγMgdome
(∆15Nhis ∼ 2.0 cm-1), the 236/240-cm-1 band tentatively

assigned toν(MgNhis) (∆15Nhis < 2 cm-1), and the 364-cm-1

band attributed to another core vibration (∆15Nhis < 1 cm-1).4b

The most surprising result is that both the 137-cm-1 and 236/
240-cm-1 bands exhibit substantial [15N]histidine shifts and that
the shift of the former band is somewhat larger than that of the
latter. The observed pattern of [15N]histidine shifts can only
be accounted for ifν(MgNhis) andγ(Mgdome) are very strongly
mixed with one another and to a lesser extent with other motions
of the BChl core. Collectively, these observations indicate that
the internal-coordinate descriptorsν(MgNhis) andγ(Mgdome) are
not representative of the actual normal modes of vibration of
the BChl core.
The strong mixing ofν(MgNhis) and γ(Mgdome) has clear

implications for the photoexcitation dynamics of the BChls in
RCs. In particular, a number of static and time-resolved spec-
troscopic studies have shown that very low-frequency modes
(30-150 cm-1) are strongly coupled to the electronic transition
of the special pair which initiates charge separation in RCs.9,10

In contrast, none of the vibrational modes of the monomeric
accessory BChls are strongly coupled to the Qy transition. One
of the strongly coupled special pair vibrations which has
received particular attention is the so-called marker mode at
∼135 cm-1.9b The marker mode is actually a cluster of several
different vibrations of which the 137-cm-1 RR-active mode is
one.4b,5a The fact that this latter vibration involves simultaneous
motions of the magnesium-histidine linkage and BChl core pro-
vides a means by which photoinduced dynamical motions of
the core could be much more efficiently transmitted to the pro-
tein matrix than if the vibration involved only motion of core.
This cofactor-protein coupling could in turn influence the
charge-separation process. In this regard, recent experiments
have shown that the magnesium-histidine linkage is not essen-
tial for the relatively slow charge recombination events in RCs.3a

It remains to be determined, however, whether the linkage has
any influence on the ultrafast primary charge-separation process.
Finally, the strong mixing found forν(MgNhis) andγ(Mgdome)

may also have significant implications for the analogous motions
associated with the iron-histidine linkage in heme proteins such
as hemoglobin and myoglobin. For heme proteins, the extent
of mixing betweenν(FeNhis) and γ(Fedome) has not been
explicitly determined via isotopic substitution experiments such
as those reported herein.11 However, recent femtosecond
impulsive studies explicitly show that motions nominally
described asν(FeNhis) andγ(Fedome) are linked to the binding
dynamics of exogenous ligands.12 Any detailed dynamical
model of ligand binding is predicated on an accurate description
of the coupling betweenν(FeNhis) andγ(Fedome).
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Figure 2. Low-frequency region of the near-infrared-excitation (λex
) 805 nm) RR spectrum of the accessory BChls obtained at 25 K.
The individual traces are discussed in the text.
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