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Bacteriochlorophyll (BChlk is a major light-harvesting pigment family in green photosynthetic bacteria. In
organic solvents, the pigment molecules are capable of forming stable dimers and self-assembling into high
aggregates which have been used as a model for the native chlorosome antenna. NMR relaxation times were
measured for the intact farnesyl'3-[E, E]BChl ¢t in methanol, acetone, and carbon tetrachloride. The
spin—lattice relaxation timesT") were determined to be 0-3.2 s for the macrocyclic protons and 0-73

3.3 s for the farnesyl protons in methanol and acetone in which the B@RIsts as a monomer. Strong
hydrogen bonding between the BGhhnd solvent molecules resulted in a significant reduction in the-spin

spin relaxation timesTgM) for the protons close to the hydrogen-bonding sites. This result can be interpreted
in terms of a combined effect of scalar coupling with the hydroxyl proton and dipolar interaction with the
solvent molecules. Formation of BChldimer in carbon tetrachloride led to an increasé it and a large
decrease i, with respect to the values of monomer, indicating that the correlation time became longer as
a result of the much reduced molecular motion. With the use of a highly randé@labeled sample, we

were able to measure tHéC relaxation times. Th&;© were determined in a range of 0-28.3 s for the
macrocyclic carbons in methanol, and these values decreased as B@nlked a dimer but remained in the

same order of magnitude. The!R}-[E, E|BChI cr is demonstrated as an ideal molecule for studying the
hydrogen-bonding property and the dynamic exchange behavior between the individual molecules within a
dimer.

Introduction

Bacteriochlorophyll (BChlx is a major green pigment family
that occurs in green sulfur photosynthetic bacteria and constitutes
about 90% of the total chlorophyll-type pigme#tiMost BChls
c are present in chlorosome, an antenna complex with a typical
size of 156-250 nm3~5 They function to absorb solar energy
and transfer it to the adjacent photosynthetic membrane. The
absorption maximum of the native chlorosome at long wave-
length Qy) is around 740 nm, about 70 nm red-shifted from
that of the BChkc monomeric form as observed in polar organic
solvents. Because only a small amount of protein was isolated .18 6
from chlorosomes§, pigment-pigment interaction has been (3'R)-[E, E] Bacteriochlorophyll ¢
suggested to play an essential role in the organization of the 25
pigments in chlorosomés1® This is also supported by the - Acetone
characteristic feature that BCalis capable of self-association 2.0} . P;"S}ham' 4
. . . . . . # - 4
in vitro to form high aggregates in hexane with an absorption i
spectrum closely resembling that of native chlorosdiig-2
Many spectroscopic measurements have been made to elucidate
the in vitro structure of the 740 nm aggregate in relation with f
the organization of BCht in chlorosomes:11-13Two functional 05
groups, the Bhydroxyl and 13 keto groups (Figure 1), were ~F
identified as playing key roles in ligation and hydrogen bonding 0.0 —ietam : AN
in the BChlc aggregates. However, due to its large molecular 400 500 600 700 800
weight and structural heterogeneity, the structure of the 740 nm Wavelength (nm)
aggregate has not been. solved. Figure 1. Molecular structure of the intact {8)-[E, E]BChl ¢ and

Beside the 740 nm high aggregate, there are several othelits absorption spectra in acetone (dotted line), methanol (dashed line),
species of BChic formed in organic solvents. In nonpolar and CCl (solid line). TheQ, peak positions are indicated, and all spectra
solvents, such as Cgland benzene, BCht shows aQy were normalized by th€y peak intensity.
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Figure 2. *H NMR spectra of the (R)-[E, E]BChl cr in methanole, (top), acetoneds (middle), and CCJ (bottom). Only parts of the assignments
are indicated. All assignments were made on the bastslef3C heteronuclear multiple-quantum coherence spectra. See ref 14 for the details.

maxima appear between 660 and 670 nm. The 710 nm speciesand dimer specie®: 26 Hence, the relaxation times were actually
was identified by a small-angle neutron scattering experiment measured on the averaged resonances arising from various
as being dominated by highly stable B&tdimers!4 The dimer species. Because the exchange rate of RCliners in CCl is
structure formed in CGlat room temperature has been precisely slow enough at room temperature to allow observation of two
determined to have an antiparallel “piggy-back” conformation distinct resonances for each type of the functional group, we
by 1H, 13C, and!®N NMR spectroscopie¥:16 All these NMR were able to precisely evaluate and compare the relaxation
spectra are characterized by two asymmetric resonances resolveldehavior of individual functional groups in different environ-
for each type of the individual functional groups, indicating that ments within the dimer. Such information is useful in examining
the two molecules in the dimer experience slow exchange the mechanism of photoinduced energy transfer of antenna
between two nonequivalent configurations. The exchange ratecomplex in terms of the internal motion of the pigment
constants were evaluated within a range of 6:0318 st molecules.

depending on the solvent and temperafiirfe.

In this work, we further explore the dynamic properties of Experimental Section
BChl c in terms of relaxation behavior by measuring the NMR Materials and Sample Preparation.Crude BChlic mixtures
spin—Ilattice relaxation timeslig) and spir-spin relaxation times ~ were extracted from dry cells of thermophilic green sulfur
(T) in different organic solvents. The results of this study not photosynthetic bacteriur@hlorobium tepidunwith methanol,
only provide an alternative explanation of the exchange and the major component {@)-[E, E]BChI cr (8,12-diethyl
phenomenon on the basis of molecular motion but also provide BChl ¢ esterified with farnesol) was then purified by chroma-
an important clue to the interpretation of the different spectral tography as described elsewhé&fe Partially 13C-enriched
appearance observed in different solvents. For example, assamples were obtained with a medium containing sodium
shown in Figure 2, although the BChIimolecule exists as a  acetate-1C (13C > 99.9% atom, Isotec Inc.) and natural
monomer in both methanol and acetone, two meso protons (5-Habundance NaHCOThis medium resulted in a highly randomly
and 10-H) exhibited the same spectral shape in methanol, but'3C-labeled (3R)-[E, EIBChI cr (hereafter referred to as the
the 5-H proton gave rise to a much broadened peak in acetonefractionally*C-enriched sample). The average enrichment factor
whereas the spectral shape of 10-H proton remained unchangedwas estimated to be less than 40% basetHoNMR integration
A similar behavior was also observed for thers and 2-H of the 3-H signals!®'® Deuterated methanol (GDD, D >
signals. When BChlc formed dimers in CGl solution a 99.95% atom) and deuterated acetone {COCD;, D > 99.9%
completely different spectrum was obtained with increased atom) were from Merck (Darmstadt, Germany) and Isotec Inc.
spectral widths for all resonances. Although there exist a number(Miamisburg, OH), respectively. Carbon tetrachloride (purity
of NMR relaxation studies on the synthetic porphyrins and >99.8%, Infinity pure grade) was purchased from Wako Pure
related compounds in the literatuife2? only limited information Chemical Industries, Ltd. (Japan) and was dried with@@
is available on the relaxation properties of the naturally occurring during storage. Pigments and solvents were degassed separately
(bacterio)chlorophyllg324 In addition, the investigation of  and then purged with argon gas. B&Hdolutions were prepared
relaxation properties of chlorophyll dimers has been limited to under argon atmosphere by dissolving the dried pigments in
the samples that undergo fast exchange between the monomesolvents to a monomer concentration of 1.5 mM. The solutions
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were then moved into NMR tubes and further purged with argon
gas before the NMR tubes were sealed.

NMR Measurements and Relaxation Time AnalysisAll
NMR experiments were conducted on a Bruker DRX-500
spectrometer at 298 K. Fietdrequency lock for the sample in
pure CC} solution was achieved by inserira 1 mm DO-
filled inner tube in the 5 mm NMR tubes. Longitudinal
relaxation timesT; were recorded using the inverse-recovery
(180°—t—90°) method. For thé*C measurements, power-gated

Wang et al.

(Figure 2). To clarify the reason, relaxation times$' and TH
were measured for all protons of the'-[E, E]BChl cr, and

the results are shown in Table 1. In methanol, macrocyclic
protons exhibited ;" over a range of 0.361.2 s andT," over

a range of 0.190.74 s. Two meso protons had the same,
relatively largeT;" values compared to most other side chain
protons. The methyl protons of the side chains showed longer
T," andT;H than the methylene protons and the protons directly
attached to the macrocycle (i.e%8 vs 8-H, 122-H vs 12-H,

decoupling was used during the acquisition period. Transverseand 18-H vs 18-H), indicating that the protons located farther

relaxation timesT, were measured by the CarPurcel
Meiboom—Gill spin—echo method. Relaxation times were
calculated by fitting seven data points with eqs 1 and 2

@)
@)

whereA, B, andC are constants anidis the peak intensity for
the spectrum obtained at tinte Relaxation delays between
acquisitions were taken at least 10 times the longest T, of
interest. Correlation times,, defined as the average length of
time that the molecule can be considered to stay in a particular
state of motion, were estimated using the Debye theory of
dielectric dispersiofl

| = A+ Bexp(-t/T,)

| = Cexp(t/T,)

7, = 4na’/3kT ()
where is the viscosity of the solution analis the effective
radius of the molecule.

The correlation time can be related to relaxation times using
the established macroscopic equations for the-slittice and
spin—spin relaxations. The relaxation mechanisms generally
include dipole-dipole, chemical shift anisotropy, spinotation
interaction, and scalar coupling. In practice, the dipagole
interaction is often the dominant mechanism, which is also the
case for the BCht molecule of this study as shown in the
Results and the Discussion. For a rigid, isotropically tumbling
molecule, the relaxation times through the dipolar coupling are
given by8

1T, =y, (V2m) 1 (918) Iy () + 2wy (4)

1T, = " (2m)r 81, [(3/8)3,(0) +
(15/ 4)J1(wH) +(3/ 8)]2(sz)] (5)

1T,° = (yy 27y 1 %(314)[(112 (0 — o) +
(3/ 2)Jl(wc) +(3/ 4)32(600 + wH)] (6)

whereyy andyc are the magnetogyric ratios of hydrogen and
carbon,h is the Planck constant,is the internuclear distance,
oy andwc are the Larmor frequencies of hydrogen and carbon,
and the J(w) are spectral density functions which can be
expressed by

Jy(@) = Clrd(1 + 0*r)]

(@=0,1,2) (V)

whereCy = 24/15,C; = 4/15, andC, = 16/15.

Results

IH NMR Relaxation Behavior. BChl ¢ molecules are known
to exist as monomers in both methanol and acetone sol$8ns.
However, thelH NMR spectra of (8R)-[E, E]BChlI ck in the

from the macrocycle are more mobile than those of directly
attached functional groups. The only exception was observed
for the protons of the propionic side chain, wheré-H7and
172-H showed smaller values fdaiH and T, than 17-H. This
may be explained by both a hydrogen-bond formation between
the carboxyl of the (3R)-[E, E]BChl ce and hydroxyl group of
methanol and a conformational constraint as indicated in a
previous studip because this part serves as a linker between
the macrocycle and the long farnesyl chain. It is also evident
that f1-H has a much smalldiH than other farnesyl protons.
The shortesT," (0.19 s) was observed for 281 in methanol.
This again may be attributed to a hydrogen bonding between
the neighboring 1Bcarbonyl and hydroxyl group of methanol
(see below).

For all protons, the spinlattice relaxation time3;" measured
in acetone are in the same order of magnitude as those measured
in methanol with typical ratios ofT;" (acetone) toT"
(methanol) in a range of 1.30.25. However, the spifspin
relaxation timesT," revealed large variation in acetone (Table
1). Especially, 2H, 3'-H, and 5-H exhibited extremely small
T," values with respect to other protons. We were not able to
measure the relaxation times fo+8 due to the signal overlap
with the strong peak of the residual undeuterated acetone of
the solvent. Figure 3 illustrates a schematic map of the ratio of
T,H(acetone) td,"(methanol) for the macrocyclic protons. The
protons around8C hadT," values about 1 order of magnitude
smaller than those measured in methanol. This result indicates
that formation of the hydrogen bond between tReO3 and
the carbonyl of acetone drastically reduces #H& of the
surrounding protons but with little effect on thdif. Farnesyl
protons had similar values for the relaxation times in both
methanol and acetone solutions. Hence, there is no significant
change in the molecular motion of this long chain when the
BChl c is dissolved as a monomer in the two solvents.

BChl c forms dimers in CCJ, with a slow exchange between
the two nonequivalent configurations. As a result, each type of
proton gave rise to two resonances, causing substantial overlap
of the signals (Figure 2). Although all resonances can be
identified and assigned by two-dimensional heteronuclear cor-
relation spectrd? it was difficult to measure the relaxation times
for some of the protons whose signals heavily overlapped with
others. For this reason, we only listed the values in Table 1 for
the protons whosg&;" and T, can be reliably evaluated. Most
macrocyclic protons exhibited larg@s™ values in CCJ by a
factor of 1.2-1.8 compared to those in methanol and acetone.
In contrast, thél," values decreased drastically for all protons
as the BCht dimer formed in CGJ. This can also be confirmed
by the observation of increased line broadening in the spectrum
(Figure 2). The results indicate thgt™ is much more sensitive
than T;" to molecular aggregation and exchange. A similar
phenomenon was also observed for the pyrrole protons of a
porphyrin-linked peptide in methanehqueous solutiof?
Another feature of the BCHd dimer of this study is that some

two solvents revealed a marked difference in the spectral shapeprotons of the same type but belonging to different molecules
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TABLE 1: 'H NMR Relaxation Times of (3'R)-[E, E]BChI cr in Methanol-ds, Acetoneds, and CCl, at Room Temperature

T [s] T [s]
position CROD (CDs).CO CCl, CD;OD (CD;s).CO CCl
21-H 0.59 0.69 0.94,0.94 0.37 0.035 0.10
3.-CH 0.75 0.80 1.1,0.98 0.42 0.054 0.050
32-H 0.54 0.77 0.64, 0.49 0.42 0.050
5-H 0.89 0.98 14,14 0.39 0.027 0.061, 0.085
7*-H 0.71 0.81 1.3,1.3 0.39 0.53 0.090, 0.074
8-H 0.39 0.46 0.31 0.39
82-H 0.73 0.84 0.49 0.56
10-H 0.89 1.1 1.2,1.2 0.37 0.57 0.092,0.11
12%-H 0.71 0.99 1.2,1.3 0.38 0.76 0.074, 0.071
122-H 1.2 1.7 0.74 1.2
13*-H 0.39 0.48 0.82 0.19 0.32
17-H 0.72 0.87 0.76 0.36 0.35 0.11
17%-H 0.37 0.39 0.31 0.25
17%-H 0.36 0.44 0.93,1.0 0.28 0.26
18-H 0.58 0.65 0.90 0.29 0.44 0.081
18-H 0.61 0.75 0.74,0.82 0.30 0.46 0.062,0.13
20-H 0.57 0.66 1.2,1.1 0.26 0.40 0.068, 0.073
f1-H 0.73 0.99 0.55 0.67
f2-H 1.6 2.1 1.3,(1.31.5y 0.70 0.57 (0.270.29%
f3a-H 2.0 1.4 1.4 0.28
f4-H 1.3 15 0.9 0.89 1.0 0.36
f5-H 0.91 (1.3-1.9p9 0.68 (1.4-2.2)
f6-H 1.9 2.2 1.4, (1.31.5p 0.47 (0.270.29y
f7a-H 1.9 2.5 1.6 1.5 2.2 0.71
f8-H 1.2 1.6 0.9 0.52 1.0 0.36
f9-H 1.2 (1.3-1.9% 0.71 (1.4-2.2y
f10-H 3.3 25 (1.3-1.5¢ 0.64 (0.270.29y
fila-H 2.7 2.8 2.1 3.0
f12-H 1.4 2.3 1.2 1.1 2.0 0.65

2 The values in the parentheses are provisional.
CHz o007 136 TABLE 2: 13C Spin—Lattice Relaxation Times (T1¢) of
031  n  CHs (38'R)-[E, E]BChI ¢ in Methanol-d, and CCl,; at Room
126 1.14 Temperature

HaC CHCHs position CROD [s] CCL[s]
1.54 1.54 2-C 0.93,0.95
HsC H 21-CH, 1.2 0.69, 0.92
y 20 162 3-CH 0.46 0.20, 0.26
153 ' CH,CHg 3?-CHs 0.68 0.27,0.33
HaC™ 7-C 0.90,1.2
1,
os1 GHo -Ch 031 e
0agh e ° 8-CHs 1.1 0.74,0.8
12-C 2.8 1.1
Figure 3. Schematic map showing the ratio B in acetone tdr, " 12'-CH; 1.8
in methanol for the protons of the }@-[E, E]BChl ¢ macrocycle. 122-CHs, 1.8 0.86, 0.98
Extremely small ratios were observed for the protons around the 3 13-C=0 3.3 1.1,0.82
hydroxyl group, and relatively large ratios were observed for the protons 13-CH, 0.30
around the 18carbonyl groups. 17-CH, 0.26
172-CH, 0.38 0.21
in the dimer revealed different relaxation behavior. For example, gs_gfbo) g.'gg 3:36 0.28
the two 5-H protons in the dimer showed identiggf but had 18-CHj 0.68 0.47 051
different T, and two 18-H protons showed different values 20-CHs 1.1 0.88,1.1
for both T;" and T,". This feature may be related to the f1-CH, 0.54 0.54
asymmetric structure of the dimer. The farnesyl protons inCCl e o 956,004
also showed much small@i. This is in agreement with a f3:::1—CH; ' 1415
previous observation that the long side chain is in a highly f5-CHy 1.1 0.95 1.0
restricted motion in the dimer and may adopt a folding-back f7-C 6.1
conformation with most portion of the chain fluctuating around f9-CH, 1.8 0.6,0.7

the periphery of the macrocycle.

13C NMR Relaxation Behavior. So far, little is known about 13C spin-lattice relaxation timd;C, and the result is shown in
the 13C NMR relaxation times of (bacterio)chlorophylls due to  Table 2. As described in a previous stufiyhe labeling pattern
the low natural abundance and low sensitivity for tHE using the mixed carbon source (¢fCOONa and NaHC¢)
nucleus. Most studies usifgC enrichment technique have been in the medium revealed that macrocyclic carbons 9-C, 14-C,
devoted to the assignment of resonances and elucidation of thel6-C, as well as all meso carbons, were specifically unlabeled.
molecular structures of these compoutt¥.31The fractionally The 3-C, 4-C, 8-C, and 13-C carbons were only slightly enriched
13C-enriched BChk of this study enables us to measure the and failed to give observable NMR signaf&? In methanol,
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Hydrogen bonding decreases the rate of intermolecular proton
exchange, and the hydroxyl proton remains bonded for a
sufficient time to exert its spin coupling. The reduced exchange
rate leads to a broadening of the coupled proton signals and
enables us to observe the resonances from hydroxyl protons
which otherwise would disappear due to fast exchange. The
method of using a strong hydrogen bond acceptor solvent, such
as acetone and dimethyl sulfoxide, is often employed as a useful
diagnostic procedure for characterizing the OH and coupled
hydrogen signals even in dilute solution. In a previous NMR
study*® on the BChlc dimer in CCl, we observed aH
resonance at 4.46 ppm and provisionally assigned it to the
3L-OH. There was also a small broad peak observed at 4.50
ppm for the (3R)-[E, E]BChl cr in acetone as shown in Figure
2c, which might arise from thetdydroxyl proton. In general,

the influence of scalar coupling due to hydrogen bonding is
limited to closely connected functional groups through the
chemical bonds. In the present study, this can account for the
increase in the line width of!'2H but can hardly interpret the
Figure 4. Schematic illustration showing the hydrogen bondings line broadening of 5-H and'ZH. Another cause of broadening
between the Bhydroxyl group of the (3R)-[E, E|BChI ¢ and the of NMR spectral lines that is usually more important is the so-
carbonyl of acetone (top half) and between thé d&rbony! of the called “dipolar” broadening? which is the dominant broadening
(3'R)-[E, EIBChI c= and the hydroxyl of methanol (bottom half). factor in organic solids. The presence of a group of spins around
a given spin may result in a number of interactions. The most

carbonyl and carboxyl carbons showed the longgStamong important interaction between the spin and its surrounding spins
the observed macrocyclic carbons, followed by most methyl js the dipolar interaction. It could be homonuclear or hetero-
carbons that directly attached to the macrocycleq27:-C, nuclear dipolar coupling. We only consider here the proton

121-C, and 26-C). LargeT;° values were also observed for the

122 and & methyl carbons. Th(_e quaternary carbons (f3-C z_and spin—spin exchange, related ", needs to be taken into
f7-C) of the farnesyl chain exhibited extremely long relaxation gccount, As a result, the interactions between the hydrogen-
times in methanol. Similar to the proton, tH€ NMR spectrum bonded acetone and the protons around Hg@up of the BCh

thBChI c |r; ccly Wa? characterized b¥ tvvl? setsbof resdonaﬁées. | care considered to make the major contribution o the extremely
The spin-lattice relaxation times of all carbons decreased ¢oiTH values for the 5-H and 'H signals. Similar

significantly as BChic formed the dimer. The BC dimer interactions due to the hydrogen bonding should also occur for

- .
had T,~ values between 0.2 and 1.4 s for the macrocyclic o nrotons around the 1zarbonyl (Figure 4), and in fact
carbons and 0.54 and 2.2 s for the farnesyl carbons, respectwelyrelatively shortT-H were observed for the 23, 12-H. and
Different T, values were observed for the two resonances of 122-H in methani)l as compared to g in acétone '

most corresponding carbons. As described above, the BChlmolecule provides an ideal
system for studying the hydrogen-bonding property as it bears
both hydroxyl and carbonyl groups. This structural feature is
In this study, NMR relaxation times were measured for the 2ls0 responsible for its unique property of forming a stable dimer
intact (3R)-[E, EJBChl c¢ in different organic solvents.  Or large aggregate in nonpolar solvents. For the dimer formed
Although BChlc exists in monomeric form in both methanol in CCl, the hydroxyl group is arranged in such a way that the
and acetone, almost all protons showed smali€rvalues in 3! proton lies in the same plane as the macrocycle, the 3
methanol. This may be partly attributed to the difference in hydroxyl group orients toward the central Mg of the adjacent
viscosity between the two solvents: the coefficient of viscosity Molecule as a ligand, and thé @ethyl points to the outside of
of the methanol is much larger than that of acetone (0.59 cP vsthe dimer'® As a result, the 3-hydroxyethyl, 5-H, anéethyl
0.32 cP at 20C). A greater viscosity corresponds to a longer groups lie over the macrocycle of the adjacent molecule as
correlation timer. as shown in eq 3 and consequently results evidenced by the ring-current induced shtfts.
in a shorterT; if the solution system is under the “extreme The dimer formation brought about significant changes in
narrowing condition”, which is considered the case for the BChl the relaxation times as shown in Tables 1 and 2. For most
¢ monomers in methanol and acetone. The relaxation times maymacrocyclic protons, th&" increased markedly while ti"
also be affected by ligation state, as it is known that B€hl  decreased drastically compared to the corresponding relaxation
forms a pentacoordinated complex with one axial ligand in times of the monomer. The result of this study can be interpreted
acetone and other nonpolar solvents, whereas the central Mg isby the dipole-dipole interaction model as described by eg64
hexacoordinated by two axial ligands in methanol and pyridine, Figure 5 shows the relationships between the relaxation times
as derived from the results of resonance Raman, absorption,and correlation time calculated for the macrocyclic protons and
CD, and magnetic CB?33 carbons atvy = 500 MHz andwc = 125 MHz. The correlation
Most protons had smalléli,f values in methanol compared time, as shown in eq 3, is determined by the viscosity of the
with acetone. However, extremely shdgt! were observed for  solvent and the size of the molecule. The viscosity of@B7
21-H, 3%-H, and 5-H in acetone (Table 1) as evidenced from cP at 20°C) is much higher than those of methanol (0.59 cP)
their broad line widths (Figure 2b). This result can be exclusively and acetone (0.32 cP), and the effective radii can be evaluated
explained by a strong hydrogen bond formation between the from a small-angle neutron scattering experimérghowing
pigment’s 3-OH and the &0 groups of acetone (Figure 4). that radii of gyration were 17 A and 10 A for the BGhtlimer

(homonuclear) dipolar coupling, and in this case the effect of

Discussion
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observation that individual BCht molecules in the dimer
undergo extremely slow exchange between the two nonequiva-

lent configurations with an exchange rate constant of about 1.8
s 11618For Chla dimers, the exchange seems to be much faster,
and usually only one NMR signal is observed for each functional
H group?434 Relaxation measurement for a limited number of
protons revealed that th&" of Chl a dimer formed in
chloroform were much smaller than those of @hinonomer

in acetone*

|

sl

J«— Acetone
=~ Methanol

0.1

T, H, T2H (sec)

H Conclusions
0.01

Spin—lattice and spir-spin relaxation times were measured
for the intact (3R)-[E, E]BChl ck in different organic solvents
in which the molecule exists in either monomeric or dimeric
form. TheT;" were in ranges of 0.361.2 s for the macrocyclic
protons and 0.733.3 s for the farnesyl protons in methanol
and acetone. The values are slightly larger than those reported
for iron(Ill) porphyrin—imidazole complexe&® but smaller than
those of a porphyrin conjugate linked with an acyclic polypep-
tide22 The T,™ showed similar values td;" for most protons
but was found to be strongly sensitive to the hydrogen bonding.
Significant reduction in thd@," was observed for the protons
near the hydrogen-bonding site and can be rationalized by a
combined effect of scalar coupling with the hydroxyl proton
and dipolar interaction with the solvent molecules. Formation
of (3'R)-[E, E]BChI cr dimer in CC} led to an increased
correlation time as a result of much reduced molecular motion.

LELELALLLL B R AL B R R R

|

ol
107 10° 10°
T, (sec)

vl el T

0.001
10” 10

-10

100

T, ¢ (sec)

001 The T,¢ were in a range of 0.263.3 s for the macrocyclic
L carbons in methanol and decreased as BGbfmed the dimer
0.001 “""'_10 — “'“"_9 : “"“"_8 . but remained within the same order of magnitude. The
10 10 . 1(%ec) 10 10 values were comparable with those observed for the iron(lll)-,
Cc

cobalt(ll)-, and zinc(ll)-porphyring?-21 The results of this work
Figure 5. Relationships between the relaxation times and correlation provide useful information on the dynamic properties of the
time calculated for the macrocyclic protons and carbons using the eq gtaple BChic dimer and can be used as quantitative measures

4—6. The solvents in which the {B)-[E, E]BChl ¢t are dissolved are - - -
indicated to correspond to the correlation times.aJ' (solid line) fc_)r evaluating the internal motion of other chiorophyll-related
pigment molecules.

andT, M (dotted line) vsr; at wy = 500 MHz. (b)T;1 € vs 7 at wc =
125 MHz.
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for the (3R)-[E, E]BChl cr in methanol, acetone, and GCI
respectively. These values are indicated in Figure 5. In good
agreement with the experiment resulfs; was shown to first
decrease as; increases in the shott region with essentially
the same value ag;", then to reach a minimum around =
1.0 x 107 s for the proton resonance frequency, and finally
T turns to increase witl, in thez. > 1.0 x 1079 s region. In
contrast, T2 continuously decreas_,es agincreases over the  5003; pp 195-217.
whole range of.. Several characteristic features of the measured  (3) Wang, Z.-Y.; Marx, G.; Umetsu, M.; Kobayashi, M.; Nozawa, T.
relaxation times can be reproduced from the calculation B'O‘“'(z')m-zr‘?'of\)(hyg ACtig_g’E 12382 L187—19S- P L Blankenshio. R E
. H . . u, Y.; Ramakrisnna, b. L.; van Noort, P. |.; Blankensnip, R. E.
results: (1) t_hél' 1" measured in acetone are only slightly Ia_rger Biochim. Biophys. ACtd995 1232 197-207.
than those in methanol; (2) the values Bf' measured in (5) Martinez-Planells, A.; Arellano, J. B.; Borrego, C. M.; Lopez-
acetone and methanol are larger than those of the correspondindglesias, C.; Gich, F.; Garcia-Gill, Rhotosynth. Res2002 71, 83-90.
TH: (3) theT;" measured in CGlare much larger than the" 19926211(:2%29’2?5’ Frank, G.; Zuber, H.; Bryrant, B. Rhotosynth. Res.
and are also larger than tAg" in methanol and acetone. The @) érune, D. C.; Nozawa, T.; Blankenship, R.Bochemistryl987,
calculatedT; shows a broad minimum aroung= 10°s and 26 (6), 8644-8654. _ o ‘
10°8s (Figure 5b), in consistent with the observifl that have (8) Nozawa, T.; Ohotomo, K., Suzuki, M.; Morishita, ., Madigan,
) M. T. Bull. Chem. Soc. JprlL993 66, 231—237.
the same order qf magnitude for both methanol and.4CCI (9) Nozawa, T.; Ohotomo, K.; Suzuki, M.; Nakagawa, Y.; Shimada,
Therefore, BChlc in acetone can be considered to be in the Y.; Konami, H.; Wang, Z.-Y Photosynth. Resl994 41, 211-223.
; i i i i i (10) Chiefari, J.; Griebenow, K.; Griebenow, N.; Balaban, T. S
fast .mOtlon rgglme Wh.lle the BCht d!,mer ISn-a mu.Ch,, Holzwarth, A. R.; Schaffner, KJ. Phys. Chem1995 99, 1357-1365.
restricted motion mode in C@Where the “extreme narrowing

o ) - ’ k (11) Bystrova, M. |.; Mal'gosheva, I. N.; Krasnovskii, A. Mol. Biol.
condition no longer applies. The result is consistent with the 1979 13, 440-451.
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