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The reaction center (RC) is a membrane-bound protein 14 N_HIS SERDS ~ oll 1SN SERDS fitted

responsible for the primary electron-transfer events in photo- J\/\ .5 J\/\ v
synthesis. Bacterial RCs contain four bacteriochlorophyll 4N reconsiructed
(BChl) molecules. Two of the BChls exist as a dimer, \/} \/L ﬂ/\—

designated the special pair, which serves as the primary electron
donor! The other two BChls, designated the accessory BChls,
exist as monomeric species whose detailed function is still a
subject of debaté. 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 proteirBystematic 150 250 350
spectroscopic studies aimed at elucidating the characteristics Raman Shift (em™)
and/or functional importance of the magnesidhistidine Figure 1. Low-frequency region of the near-infrared-excitaticlay(

linkage in photosynthetic proteins have only recently begun to = 894 nm) RR spectrum of the special pair obtained at 25 K. The
appeaf These studies have been facilitated by both genetic individual traces are discussed in the text.
and chemical engineering techiques which allow replacement
of the ligated histidine or isotopic labeling of these residu&s, tope shifts and the predictions of semiempirical normal coordi-
respectively. To date, vibrational techniques have not been usechate calculations, the 137-ciimode was assigned to the dom-
to examine the magnesiunhistidine linkage, in large part  ing mode of the BChl macrocycle(Mgdomd; the 179/190- and
because the magnesidthistidine stretching vibrationy- 364-cnT! vibrations were assigned to other vibrations of the
(MgNhis), has not been definitively identified in the vibrational BChl core. The 236/240-cm mode was tentatively identified
spectrum of any photosynthetic protein or model complex. asv(MgNpis).*? A definitive assignment of(MgNy;s) was not

As a first step toward a complete characterization of the low- possible, however, because this assignment requires studies of
frequency vibrational characteristics of the BChl cofactors in RCs in which the histidine axial ligands are isotopically labeled.
RCs, we recently reported near-infrared-excitation resonance In this communication, we report low-frequency, near-
Raman (RR) studies of RCs in which the BChl cofactors were infrared-excitation RR spectra of bacterial RCs in which the
labeled with?Mg or 1N.* These studies revealed that four histidine residues of the protein are selectively labeled ¥ith
vibrational modes in the 58425-cnT? region are sensitive to  For practical reasons, the studies were conducted by comparing
28Mg substitution®® These include RR bands of the special pair the vibrational signatures of RCs in whi¢fN was universally
at 137, 179, 236, and 364 cthand analog bands of the incorporated (all cofactors and all protein residues) (designated
accessory BChls at 137, 190, 240, and 364%nfor the special  all-15N RCs) with those in which!fN]histidine was introduced
pair, a single set of RR bands is observed because only one ofas a reverse label (designat&til-His RCs) into the all'>N-
the two cofactors in the dimer contributes to the spectttm. labeled RCS. The studies of the histidine-labeled RCs reveal
For the accessory BChls, both cofactors contribute to the RR that the vibrational characteristics of the BChl core are far more
spectrum; however, a single set of bands is observed becauseomplicated than originally anticipated. These results have clear
the frequencies of the analogous modes of the two cofactorsimplications for the photoexcitation dynamics of the BChls in
are identicaP Of the four?®Mg-sensitive modes, only the 179/  RCs and may also have significant consequences for the dynam-
190-cnT! band of the special pair/accessory BChls is also sensi- ics of exogenous ligand binding to heme-based oxygen carriers.

tive to [15N]pyrrole substitution. On the basis of tA#g iso- The low-frequency regions (66400 cnt?) of the near-

T University of California, infrared-excitation RR spectra of the special _pawx = 894

¥ University of Connecticut. nm) and the accessory BChLQe)( = 805 nm) in RCs from

(1) For an overview, see: Deisenhofer, J., Norris, J. R., Hiw Rhodobacter sphaeroides4.1 are shown in Figures 1 and 2,
rl’hotosynthetlc Reaction Centekcademic: San Diego, CA, 1993; Vol. respectively. Owing to the fact that the isotope shifts are

(2) (a) Ermler, U.; Fritzsch, G.; Buchanan, S.; Michel Structure1994 relatively small ¢-2 cm? or less) and the RR spectra ”d_elon
é_ %2%3262-‘{2)3?329&% J.; Epp, O.; Sinning, 1.; Michel, H.Mol. a fluorescence background, the RR spectra of the individual

ol . ; . ) it

(3) () Goldsmith, J_O.: King, B.: Boxer, S. GiochemistryL996 35, isotopomers were acqw_red using the shifted-excitation Raman
2441-2428. (b) Zysmilich, M. G.; McDermott, Al. Am. Chem. So2996 difference spectroscopic (SERDS) mettfodThe SERDS
118 5867-5873. (c) Mac, M.; Tang, X.-T.; Diner, B.; McCracken, J.;
Babcock, G. TBiochemistry1l996 35, 13288-13293. (6) (&) Rb. sphaeroideg.4.1 was grown in a modified Hunter’s (minimal)

(4) (a) Czarnecki, K.; Diers, J. R.; Chynwat, V.; Erickson, J. P.; Frank, medium in the absence of caseamino aédghe incorporation of°N and
H. A.; Bocian, D. F. InProceedings of the X¥International Conference 15N in conjunction with the I*N]histidine reverse label was accomplished
on Raman Spectroscapysher, S. A., Stein, P. B., Eds.; Wiley: Chichester, as previously described.For both preparationd>NH,Cl (15N, 98%t),
U.K., 1996; pp 300-301. (b) Czarnecki, K.; Diers, J. R.; Chynwat, V.;  obtained from Cambridge Isotopes (Andover, MA), was used to introduce
Erickson, J. P.; Frank, H. A.; Bocian, D. . Am. Chem. S0d.997, 119, the label. The RCs were isolated and purified as previously desciibed.
415-426. The chemically reduced RCs used for the RR experiments were prepared
(5) (a) Palaniappan, V.; Schenck, C. C.; Bocian, DJFPhys. Chem. by adding a slight excess of b&0O,. (b) Cohen-Bazire, G.; Sistrom, W.
1995 99, 17049-17058. (b) Cherepy, N. J.; Holzwarth, A.; Mathies, R.  R.; Stanier, R. YJ. Cell. Comp. Physioll957 49, 25-68. (c) McGann,
A. Biochemistryl995 34, 5288-5293. W. J.; Frank, H. ABiochim. Biophys. Actd985 807, 101—-109.
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305 nm 25 K assigned ta/(MgNhis) (A™Npis < 2 cnTh), and the 364-cmt
N-HIS SERDS band attributed to another core vibratidh'fNy,s < 1 cn1).40

The most surprising result is that both the 137-érand 236/

240-cnT! bands exhibit substantiai®NJhistidine shifts and that

the shift of the former band is somewhat larger than that of the

latter. The observed pattern dfiiJhistidine shifts can only

all "N SERDS be accounted for if(MgNis) andy(Mdgome are very strongly
J\/"\/\/\/H\f\/\ mixed with one another and to a lesser extent with other motions
off 15N SERDS fitted of the BChl core. Collectively, these observations indicate that

the internal-coordinate descripto@vigNyis) andy(Mgdomd are
not representative of the actual normal modes of vibration of

14 N<HIS SERDS fitted

14N-HIS SERDS — all SN SERDS the BCh| core.
The strong mixing ofv(MgNis) and y(Mgdomd has clear
14N —HIS SERDS — all SN SERDS fitted implications for the photoexcitation dynamics of the BChls in

2% RCs. In particular, a number of static and time-resolved spec-
troscopic studies have shown that very low-frequency modes
j/\ VM (30—150 cnm?) are strongly coupled to the electronic transition
of the special pair which initiates charge separation in REs.
In contrast, none of the vibrational modes of the monomeric
accessory BChls are strongly coupled to thdr@nsition. One
of the strongly coupled special pair vibrations which has
. ‘ ‘ , received particular attention is the so-called marker mode at
150 250 350 ~135 cntl% The marker mode is actually a cluster of several
Raman Shift (cm™") different vibrations of which the 137-cmh RR-active mode is
Figure 2. Low-frequency region of the near-infrared-excitatichy( one’b5a The fact that this latter vibration involves simultaneous
= 805 nm) RR spectrum of the accessory BChls obtained at 25 K. motions of the magnesiufrhistidine linkage and BChl core pro-
The individual traces are discussed in the text. vides a means by which photoinduced dynamical motions of
) o ) ) the core could be much more efficiently transmitted to the pro-
method and its application to RR studies of RCs are discussedtein matrix than if the vibration involved only motion of core.
in detail elsewher&8 In Figures 1 and 2, the first and third  Thjs cofactor-protein coupling could in turn influence the
traces are the SERDS data for tHél-His and all?*N RCs, charge-separation process. In this regard, recent experiments
respeCther. The second and fourth traces are fits of the SERDSha\/e shown that the magnesiuﬂmistidine |inkage is not essen-
data. The isotope-sensitive RR bands are identified by subtract-tja| for the relatively slow charge recombination events in RCs.
ing the raw SERDS data sets of the two isotopomers without |t remains to be determined, however, whether the linkage has
any smoothing or other manipulation of the data. These double- gy influence on the ultrafast primary charge-separation process.
dlfference datal(‘N'H|S SERDS_ a”'lSN SERDS) are ShOWﬂ Flna”y' the Strong mlx|ng found foy(MgNhls) andy(Mgdomé
in the fifth traces of each figure. The sixth traces are the fitted may also have significant implications for the analogous motions
double-difference spectra. The seventh traces aré\tflhis associated with the irerhistidine linkage in heme proteins such
ISOtOpe-dIffeI’ence Spectra reconstructed fl‘0m the dOUb|e-dIf- as hemog|0b|n and myog|0b|n For heme proteins’ the extent
ference data. The protocols used to obtain and fit the double-of mixing betweenv(FeNy) and y(Feomd has not been
difference spectra and to extract the isotope shifts are identical expjicitly determined via isotopic substitution experiments such
to those Used In our pl‘eVIOUS RR StudIeS Of RCS n Wh|Ch Only as those reported heré‘|h However, recent femtosecond
the cofactors were labeléd.The bottom traces in Figures 1 impulsive studies explicitly show that motions nominally

and 2 are the RR spectra of th&NJHis RCs which were  gescribed as(FeNys) andy(Fesomd are linked to the binding
sensitive to*N-histidine substitution are labeled in bold. It model of ligand binding is predicated on an accurate description
should be noted that the RR spectra of the special pair andof the coupling between(FeN,s) andy(F&iomd.

accessory BChls in th¥N-His RCs were found to be identical

to those previously obtained for RCs in which only the cofactors  Acknowledgment. We thank Professor A. McDermott for providing
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include the 137-cm! band previously identified agMddome (9) (a) Middendorf, T. R.; Mazzola, L. T.; Gaul, D. F.; Schenck, C. C.;

(A™Npis ~ 2.0 cnTl), the 236/240-cm! band tentatively Boxer, S. G.J. Phys. Chem1991, 95, 10142-10151. (b) Jankowiak, R.;

Hayes, J. M.; Small, G. Lhem. Re. 1993 93, 1471-1502. (c) Klevanik,
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acquisition times for complete SERDS data setsewgéh @ex = 894 nm) Boxer, S. GJ. Phys. Chem1995 99, 859-863.

and 4 h fex = 805 nm). The spectral resolution wa® cni ! at a Raman (11) (a) For a discussion of heme-histidine isotopic labeling of deoxy-
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Aldema, M. A.; Frank, H. A.; Bocian, D. Biochemistry1992 31, 11050~ Chiu, M. L.; Sligar, S. GJ. Am. Chem. S0d.99], 113 9655-9660. (b)
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