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Abstract: 13C and 15N chemical shifts of the intact farnesyl’@-bacteriochlorophyll (BChlx have been
measured in methanol and carbon tetrachloride solutions. Two sets of resonances have been observed in carbon
tetrachloride for all carbon and nitrogen atoms, indicating a formation of highly stable dimeric species with
asymmetric configurations. Complete assignments have been made based on a combination of homonuclear
and heteronuclear correlation experiments usindg e and*N-labeled BChic samples. Changes of theC

chemical shift in the two solvents can be interpreted in terms of mixed effects arising from (a) ring current
due to the overlap of the macrocycles, (b) coordination state of the central magnesium, (c) excitation state of
the z-electron system, (d) polarity of the solvents used, and (e) hydrogen bonding. Substantial ring current
effect is observed on th&C chemical shifts for the carbon atoms around pyrrolic ring | upon the dimer
formation. Remarkable differences in the line widths observed for all propionic carbons and some carbons of
the farnesyl group suggest that the propionic-farnesyl side chains may adopt a “return” structure over the
region from 17 to f2 carbons with much different conformation and mobility in the dimer. No clear evidence

is obtained for a hydrogen bond formed with the €&&rbonyl group in CGlsolution, nor for ring overlap

over the ring V. Comparison between tidl chemical shifts in both solvents indicates that the paramagnetic
shielding effect is predominant andy\hitrogen is most sensitive to the dimer formation, followed by N;,

and Ny, respectively. The result reveals a high sensitivity"®f chemical shift to the electronic state and
N—Mg bond length for each nitrogen atom in the dimer.

Introduction functional groups, Bhydroxyl and 13-keto groups, were

) . . ) identified to play key roles in ligation and hydrogen bonding
Bacteriochlorophyll (BChl is found in a special antenna i, the BChi ¢ aggregates. However, due to large molecular

complex, known as chlorosome, of green photosynthetic bacteriayeight and structural heterogeneity, the structure of the 740-
as a major light-harvesting pigment. Since a large ratio of aggregates has not been solved.

pigment to protein (2:1- 0.6:1, w/w) has been found in the Beside the 740-nm high aggregate, there are several smaller
multicomponent complek? the BChlc molecules are consid- aggregates formed in GBI, CHCL, CCl,, and benzene with
ered to exist in an oligomeric form in the chlorosome. The the Q, absorption maxima at 680 and 710 nm for the BEbf
oligomer has recently been estimated to be composed of 16 andy,e R-configuration at the CBchiral cente213 The 710-nm

6 BChlc molecules for green filamentous specieisloroflexus  gpecies has been demonstrated as being predominated by BChl
aurantiacusand green sulfur specie§hlorobium tepidum ¢ dimers in a small-angle neutron scattering experimént.
respectivel\?. The absorp_non maximum of the native chlorosome Although structural connection between the small and high
at long wavelength@)) is around 740 nm, about 70 nm red-  4qqregates remains unclear and needs to be further investigated,
shifted from that of its monomeric form as observed in methanol. {he highly stable and structurally homogeneous small aggregates
On the other hand, isolated and purified BCH capable of  gpaple one to obtain precise information on the individual atom.
self-association to form high aggregates in hexane with an tps js pelieved to provide useful knowledge on the nature of
absorpitéon spectrum closely resembling that of native chloro- geff_association at a level as small as dimer, and to give insight
some?~® Many spectroscopic measurements have been madejntq the higher-order structure of the high aggregate as well as
to elucidate the in vitro structure of 740-nm aggregate in relation arrangement of BCht in chlorosome. In a previous stud§

with the organization of BChic in chlorosome$.* Two we reported on the complete assignmentigfNMR for the

(1) Schmidt, K.Arch. Microbiol. 1980124, 21. (8) Hildebrandt, P.; Tamiaki, H.; Holzwarth, A. R.; Schaffner, JKPhys.
(2) Chung, S.; Frank, G.; Zuber, H.; Bryrant, D. Rhotosyn. Red994 Chem 1994 98, 2192.

41, 261. (9) Chiefari, J.; Griebenow, K.; Balaban, T. S.; Holzwarth, A. R;
(3) van Noort, P. I.; Zhu, Y.; LoBrutto, R.; Blankenship, R.BEophys. Schaffner, K.J. Phys. Chem1995 99, 1357.

J. 1997, 72, 316. (10) Balaban, T. S.; Holzwarth, A. R.; Schaffner, K.; Boender, G.-J.; de
(4) Bystrova, M. |.; Mal'gosheva, I. N.; Krasnovskii, A. AMol. Biol. Groot, H. J. M.Biochemistry1995 34, 15259.

1979 13, 582. (11) Mizoguchi, T.; Sakamoto, S.; Koyama, Y.; Ogura, K.; Inagaki, F.
(5) Smith, K. M.; Kehres, L. A.; Fajer, J. Am. Chem. Sod 983 105 Photochem. Photobioll998 67, 239.

1387. (12) Olson, J. M.; Pedersen, J. Photosyn. Resl99Q 25, 25.
(6) Brune, D. C.; Nozawa, T.; Blankenship, R. Biochemistry1986 (13) Olson, J. M.; Cox, R. FPhotosynth. Red1991, 30, 35.

26, 8644. (14) Wang, Z.-Y.; Umetsu, M.; Yoza, K.; Kobayashi, M.; Imai, M;
(7) Nozawa, T.; Ohtomo, K.; Suzuki, M.; Nakagawa, H.; Shikama, Y.; Matsushita, Y.; Niimura, N.; Nozawa, Biochim. Biophys. Acta997, 132Q

Konami, H.; Wang, Z.-Y Photosynth. Res994 41, 211. 73.

10.1021/ja991050a CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/25/1999



9364 J. Am. Chem. Soc., Vol. 121, No. 40, 1999 Wang et al.

and native chlorosome. It is suggested that structural arrange-
ment of in vitro BChlc aggregates is very similar to that in the
chlorosomes. The results have been confirmed and improved
subsequently by 2D radio frequency-driven dipolar recoupling
experiment3? Owing to large line width inherent in the spectra
of the solid samples, it was difficult to explicitly determine the
chemical shifts for all atoms including the farnesyl side chain.
We will show that this can be achieved with the solution sample
of the BChlc dimer.

Materials and Methods

P / P Isotope Enrichment and Sample Preparation.(3'R)-[E,E]BChl

3 15 19 f12 cr was extracted by methanol fro@hlorobium tepidundry cells and
purified by a reverse-phase HPLC column as described previéusly.
For natural-abundance sample, the cells were grown in the medium of
Figure 1. Structure and nomenclature of the intactRB[E,E]- Wahlund! containing sodium bicarbonate, ammonium acetate, and
BChl cr. ammonium chloride as carbon and nitrogen sources. For isotope-

enriched samples, the ammonium acetate was replaced by sodium

710-nm aggregate of BCHd formed in carbon tetrachloride.  acetate with adjustment of the concentration of ammonium chloride to
The IH-NMR spectrum is characterized by two asymmetric balance the ammonium concentration. Partiafg-enriched sample
resonances resolved for each individual proton, indicating that was obtained with a medium containing sodium acetaté& (**C
the two molecules in dimer experience slow exchange between>99-9% atom, Isotec Inc. USA) and NaHEOf natural abundance.
two nonequivalent configurations. Results from a detailed 17iS medium resulted in a highly randomtC-labeled (3R)-[E.E]-

; ; i ,, BChl c= (thereafter referred to as fractional§C-enriched sample).
structural analysis support an antiparallel “piggy-back” confor- F . :
. ! . : Th hment fact timated t less than 40%
mation for the BChk dimers (see Figures 9 and 10 in ref 15). e average enrichment factor was estimated to be less than 40% based

. . . on'H-NMR integration of 3-H signals. Fully’*C-labeled sample was
In this study, we present detailed assignmentd36f and grown in a medium containing NAFCO(1C >98% atom, Isotec Inc.)

*N-NMR spectra of intact BCht dimer in pure CCJ solution as the sole carbon source (thereafter referred to as f@ljlabeled

and compare with those in methanol. The sample used®-(3  sample).sN-labeled (3R)-[E,E]BChI c- was obtained witH*NH,CI
[E,EIBChI cr (8,12-diethyl-BChlc esterified with farnesol, (!N >99% atom, Isotec Inc.). Farnesyl acetatearfs,trans purity
Figure 1), the most abundant component constituting more than>95%) was purchased from Aldrich Chem. Co. (Milwaukee, WI).
50% of whole BChkc homologues irChlorobium tepidum?®16 Deuterated methanol (GDD, D >99.95%) was from Merck (Darm-
This pigment has a 710-nm absorption maximum in £C| Stadt, Germany). Carbon tetrachloride (purit9.8%, Infinity pure
solution1 The 13C NMR spectra in CGlreveal two sets of grade) was purchased from Wako Pure Chemical Industries, Ltd., Japan,
resonances with highly asymmetric features in both chemical 2" dried with NaCO; during storage. BCHg solutions were prepared

- under N atmosphere by dissolving the dried pigments in solvents with
shift and spectral shape for many carbon atoms. Carbarbon a monomer concentration of 2 mM. The solutions were then moved

connectivity is made using a fullfC-labeled sample on the ;15 NMR tubes and further purged withljas before the NMR tubes
basis of the results from two-dimension&®IC—'3C double were sealed.
quantum INADEQUATE experiments with the aid of tHé— NMR Measurements.NMR spectra were collected on Bruker DRX-

*3C long-range heteronuclear multibond correlation (HMBC) 400 and DRX-500 spectrometers at a temperature of@2Field-
technique. Authentic farnesyl acetate was used to assist iden+requency lock for the sample in pure G@blution was achieved by

tification of the farnesyl carbon resonances. For the first time, inserting a 1-mm BO-filled inner tube in the 5-mm NMR tubes. One-
we have directly observed solutidfN-NMR signals for the dimensional proton-decouplédC spectra were recorded with a°30
Mg-chlorin macrocycles with all resonances assigned by the pulse, 32 K data points, and a repetition time of 1.8 s. Distortionless
HMBC experiment. Again, two resonances are observed for eachenhancement by polarization transfer (DEPEpectra were recorded
nitrogen atom of the BCht dimer. The results of this study ~ USing both natural abundance and fractionafig-enriched samples
provide not only the crucial basis for the assignment of With @ 135 read pulse fo give CH, Gipositive, and Chinegative

. . followed by proton decoupling during acquisition. Two-dimensional
corresponding'H-spectra through HC correlation but also BC-15¢C do)ijtr))le guantum IIE)IAIgEQUAgI'E s%ectra were acquired using

alternative probes for detecting chemical and electromagnetic e f,j1y 13c-labeled BCht sample with 512, points 2 K data points
environments in the BCht dimer. Such information is also iy t, and 256 transients for eadh point using a pulse sequence
relevant to other photosynthetic pigments in terms of their in described by Turnét in which the splitt; domain is used to give a
vivo self-assembly property, e.g., two BChimolecules form symmetric, COSY-like spectrumC chemical shifts were referenced
an approximately symmetric dimer, the so-called special pair, to tetramethylsilane. One-dimensional proton-decouptispectra

in the bacterial reaction center. Both experimental and compu- were recorded with 32 K data points and a repetition time of 5 s. Two-

tational approaches have been made to'fheand13C NMR dimensional'H—3C and *H—**N long-range HMBC spectra were
behavior of the BChh.17-19 acquired with a pulse sequence reported by Bax and Surfthusiag

gradient pulses for selection and with low-pdd8ter to suppress one-
bond correlation. A total of 512 (256 fdPN) t; and 2Kt, data points
were recorded with a delay time of 100 ms for evolution of long-range

Bacteriochlorophyll ¢ (BChl ¢)

In an earlier study,we first applied solid-state CP/MASC
NMR to the powder samples of both 740-nm high-aggregate
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Table 1. 3C-NMR Assignment otranstrans-Farnesyl Acetate in Table 2. Assignments of3C NMR Spectra of Intactl,E]BChl c-
CDCh positon CROD _ CCla posiion CQOD  CCle
chemical shift chemical shift
o s 13t 197.49 195.9, 193.6 5 99.66 100.7,95.3
position (Ppm) position (Ppm) 17 17352 1742,171.7 '3 6471 645,633
CH3;COO— 170.18 f4 39.00 19 167.77 168.0, 166.9 f1 60.43 61.7,60.3
f3 141.22 fo 26.20 14 160.88 162.7,161.1 17 50.03 51.0,50.7
f7 134.70 f5 25.66 16 153.70 154.6, 153.8 13 4831 48.7,482
f11 130.40 f12 25.06 1 153.66 152.6, 151.9 18 48.03  49.4,49.1
f10 123.86 CH3;—COO 20.18 6 150.77 150.1, 150.0 8 39.02 39.5,39.3
f6 123.15 flla 17.02 11 146.19 147.5,147.1 f4 38.65 39.3,39.2
f2 118.12 f3a 15.74 9 14591 146.5,145.7 17  30.06 31.5,30.6
fl 60.67 fra 15.35 3 145.60 144.2,144.0 17 29.48 30.6, 28.8
8 39.21 4 145.23 143.7,143.5 fo 25.93 26.6, 26.3
8 143.06 142.6, 142.7 5 25.31 26.0, 25.9
3 141.49 142.4,140.6 23 2498 24.3,22.6
couplings.*>N chemical shifts were referenced 3 M NH,Cl in 1 M 12 139.62 140.2,139.8 f12 24.14  25.8,25.6
HCI (24.9 ppm). 2 134.91 135.5,133.7 12 20.31 (19.9,19.8)
f7 134.53 134.8,134.6 20 20.24 21.3,21.2
Results and Discussion 7 133.09 132.7,131.3 18  19.68 21.4,20.4
f11 130.29 130.3, 130.3 18 18.70 (19.9,19.8)
13C NMR Assignment of Farnesyl Acetate.To simplify 13 129.67 128.5,128.8 28 16.36  17.9,17.6
analysis of the spectra of the intactiR}-[E,E]|BChl cr, we first f10  123.63 124.4,1241 12 16.00 169,164
measured®C NMR for the authentic farnesyl acetate. Due to 0 12313 12361234 fla 1000 17> 17.4
the structurally high similarities, it was difficult to clearly assign 120 11%)1'%% 11%)86'1’ 11%)222 ?3 15.93 153, 14.3
. . A4, . a 14.64 16.3,16.1
the resonances of f6 and f10, f4 and f8, and f5 and f9 pairs 15 104.67 105.7,104.9 7a 1430 15.9,15.7
even from a well-resolved 1D spectrum. For this reason, we 20 104.55 103.9, 103.7 17 941 11.4,10.9

conducted two-dimensiondPC—13C correlation experiments
with the natural-abundancérans,transfarnesyl acetate in
CDCls. From the INADEQUATE spectrum (Supporting Infor-
mation), carborcarbon connectivity can be unambiguously ﬁ1
established, and the assignments for each carbon atom are give o 29
in Table 1. Chemical shifts of {6 and 10 were determined based - 0% for methyl pheophorbides in chlorofoffniz® In contrast,

on their correlations with f7 and f11, respectively, and these monr1e \fr?réag?;; ;‘ﬁg;ﬁg?ﬁ rlgsf)hnz:(l:gez-ﬂig gggﬁnmsﬁ) the
further led to the assignments for f5 and f9. The nearly identical ppm). w : y

resonances of f4 and f8 can be distinguished by their crosslNADEQUATE experiment using the fuII§/3C-Ia_beIed BCh.b
signals correlating with f3 and f7, respectively. Three side sample, The same experiment allowed unamblguoqs assignment
methyl groups at upfield, f3a, f7a, and flla, were readily for C172 and C1%, as these signals can be readily distinguished

assigned by their correlations with corresponding quaternary ireosmetc?t(ia\;relcor'rrilgtliosniovxlttrgrczcaigsigﬂsaan\gsicﬁ:ngﬁ:tsmxﬁi’ch
carbons at downfield. The overall assignment can be comparedreligcI on Br/(.)tonation Shifee 03; u cF))n com arisogs with chlo-
with an early®*C NMR study by Jautelat et &.on farnesol, in P P P

which assignments for f3a and f7a methyls, f4 and f8 methyl- rophyll am measurement@,but is in agreement with the con-
enes, and 2, f6, and 110 methines were only provisional. The clusion from a single frequency off-resonance proton-decoupling

i 7
chemical shifts for f2 and 6, f4 and f8 pairs were found to be e.xpenm.en?. Resonances of Gand f12 methyls appeareq at
in reverse order. higher field than those of f9 and 5 methylenes, as conf|rmed
13C NMR Assignments of the Intact [E,EJBChI ¢ Mono- from the DEPT spectrum, with €3assigned based on its

mer in Methanol-d.. Before we showC NMR assianments correlation with C3. The order of C12 methylene and C20
for the [E,EJBChI ‘EF dimer, it is necessary to r(gview the methyl resonances was definitely determined from the DEPT

: . - . __spectrum, which is the reversal of that reported for B€m
assignment of monomer as, despite much effort, discrepancies

S . chloroform/methanol (9:1%? Resonances of C22nd f11a were
still exist in the literature and they could largely affect the results coincident and appeared at higher field thart @@rrelating to
of the dimer assignment. A number of the resonances, including pp g 9

our own reported previously, were found to need reassignment. C8) but at lower field than C2 The most upfield signal was

. - . assigned to Ctfrom its correlation with the downfield C7 reso-
The results are shown in Table 2. Chemical shifts of the farnesyl . . .
. . . nance. These discrepancies mentioned above may be partly at-
side chain carbons remained the same order as for farnesyl

acetate in CDGldescribed above. The most downfield reso- Hgﬁ?g;ﬁvgee?'ﬁei;e:g?;nt;:tbg'ru:ﬁgégrx:ﬁ_saigf ;Zzs;lvr?gltss
nance was confirmed to be Gil@arbonyl from its long-range the v:allues of c,hemical shifts of this study were esgsentiallg the
correlation with H13. Another carbonyl carbon, C37can be y y

i -1)10
assigned from its correlations with Gl H17, H17, and f1 sagl((:a as those _Of BChlin CDCL/CD:0D (9:1): .
protons. Due to the close resonances between meso carbons, NMR_ ASS|gnm_ents of the Intact [E,EIBChI ce Dw_ner
C15 and C20, it was difficult to determine the order between " CCla- With the reliable assignment of the monomeric form,
C14 and C19 from3C—1%C correlation. However, these carbons 56 ignen, S.. Hynninen, P. HOrg. Magn. Reson1981 16, 304.
can be easily assigned from HMBC experiment with C19 cor-  (27) wray, V.; Jugens, U.; Brockmann, H., JTetrahedron1979 35,
relating to H18, H18 H20!, and C14 to H13 Other quaternary ~ 2275. . . .
carbons were assigned in a similar way. The assignments in ., (28) Smith, K- M.; Bushell, M. J.; Rimmer, J.; Unsworth, J.J-.Am.

. . . A . X Chem. Soc198Q 102, 2437.
the low-field region were in principle consistent with those — (29) smith, K. M.; Goff, D. A.J. Chem. Soc., Perkin Trans. 1985

a Parentheses indicate provisional assignment, see text.

ninert® and BChlc in methanol by this laboratofyexcept for
reverse order between C3 and C4, but were different from

reported for chlorophyla in acetone by Ltonen and Hyn- 1099.
(30) Smith, K. M.; Unsworth, J. FTetrahedron1975 31 367.
(25) Jautelat, M.; Grutzner, J. B.; Roberts, J.Aboc. Natl. Acad. Sci. (31) Goodman, R. A.; Oldfield, E.; Allerband, Al. Am. Chem. Soc.

197Q 65, 288. 1973 95, 7553.
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£11 can be judged as a clear shoulder on the signal of the C18 peaks
17 £ e from a normal 1D spectrum (see Figure 5 in ref 15). The order
of C17 and C17 methylenes remained unchanged upon dimer
7 formation as was confirmed by a correlation observed between
| 19 B EU w J J C17 and carbonyl C1¥ Three methyls C3 C18', and C20
e ~ el ‘l M K S bt Wil can be easily assigned on the basis of theGHand C-C

2! Ay

195 150 155 180 175 10 185 150 155 150 155 10 15 pem correlation spectra despite large shifts oPGRnal to a higher
Figure 2. Low-field proton-decoupled®C NMR spectrum of the field and the large separation of Cl8eaks with respect to the
fractionally **C-enriched intact (R)-[E,E|BChl cr in pure CCl. Note chemical shifts of their corresponding monomeric form. Two
that some quaternary carbons are not or only slightly labeled. For the methylene carbons G¢&nd C12 appeared as a total of two
full assignment, see Table 2 and text. peaks in the dimer spectra, which could not be distinguished

(a) from each other even for théC-enriched sample. Therefore,
nds R these signals can only be considered as being accidentally
EMMJ W A - - coincident. Resonances for C&€12, and C2 methyl carbons
i WMMWWMWWMWMWWMWWMMM oy that were closely spaced in the monomer spectrum were well
“\ 7 resolved in the dimer spectra, and were assigned by the 2D-

o m INADEQUATE spectrum.
m Similar to IH-NMR, the most characteristic feature of the
‘ - 13C NMR spectra for [E,E]BChl ¢ in CCly is that each

T T 7 - e —

T
120

o200 s0 070805040 pem individual carbon gave rise to two resonances, indicating

f12 . - . .

T - R different environments for the corresponding carbon atoms in

N {M EM;NM =N ;‘l different molecules of the dimer. The wide spectral range of

- WMMW LT ST WS 13C NMR allows one to evaluate not only the chemical shift
w 12,52 change but also the spectral shape. There is a striking feature
1085 in the dimer spectra where several carbon pairs had significantly

T 35 24 25 2z 31 20 15 18 17 16 15 14 15 12 11 pom different line widths. The asymmetric resonance pairs were

Figure 3. 13C DEPT spectrum and assignments of natural abundance Mainly found for the propionic side chain carbons (§1717,
(3'R)-[E.EIBChI ¢ in pure CC} for all proton-attached carbons. ~and C17?) and the first two carbons of the farnesyl chain (f1
Negative peaks represent methylene carbons. Several resonances witand f2). Such information was deficient in the corresponding
low S/N ratio were confirmed using the fractionall§C-enriched IH spectra, because H4H17, and f2 proton signals were
sample, as shown in the insets. heavily overlapped with other signals and only one resonance
- ) was observed for the f1 protons in the dimer specttbifihe
we were able to specifically assign all carbon resonances of 3symmetric behavior may reflect very different conformations
the intact BChic dimer formed in pure CGl The full adopted for this portion of the long side chain in the two
assignments were listed in Table 2. Most assignments weremqlecules in dimer, leading to a substantial difference in the
made using natural-abundance sample, while the resonances of,olecular motion. It was suggested, basedt$NMR results,
low S/N ratio were determined with theéC-enriched sample.  {hat the farnesyl side chain in dimer may take a folding-back
A typical low-field region spectrum obtained with the fraction-  conformation with the f1 methylene being positioned at the
ally *3C-labeled sample is shown in Figure 2. The labeling fo|ding point and with most of the tail part fluctuating around
pattern with 11*C-acetate as one of the substrates revealed thatpe periphery of the macrocyclé The 13C NMR result of this

macrocyclic carbons C9, C14, C16, as well as all meso carbonsgydy further suggested that the propionic-farnesyl side chain
were specifically unlabeled, and C3, C4, C8, and C13 were only forms a “return” conformation with one of the “returns”
slightly enriched. The former is in agreement with the biosyn-  eyperiencing a highly restricted motion compared with another.
thetic pathway of tetrapyrrole compounds vi@minolevulinic 1t was of interest to note that a similar phenomenon was reported
acid. The carborcarbon coupling pattern was found to be Very  for methyl bacteriochlorophyllide,3?in which two ester methyl
useful in identifying the' resonances of farnesyl'quatemary signals in thelH spectra of dimer showed very different
carbon (f3, f7, and f11) in the overcrowded low-field region  complexation shifts and line widths. These very contrasting

(130-150 ppm). Because each of these carbons gave to a tripletsignals were interpreted in terms of possible conformations of
signal in the3C spectrum in methanol due to the coupling with ¢, propionic side chain.

its neighboring methine carbon (f2, 16, and f10), each of these
signals further split into one triplet pair characteristic of the
sharp line shape in C&(Figure 2). Closely spaced signals of
C3 and C4, which were almost unlabeled with thEQ-acetate
medium, were distinguished by 2D-INADEQUATE experiment
using the fully’3C-labeled sample. The C4 pair was determined
from its correlation with the C5 pair.

Figure 3 shows the DEPT-135 spectrum of natural-abundance

The changes i#C chemical shift upon dimer formation were
relatively small compared with those iH spectra® Very
careful inspection was required as interchanges of the order in
chemical shift occurred for a number of closely spaced, or
overlapping signals, and the situation was further complicated
by peak splittings in the dimer spectra. This was observed for
the resonances of C2, C33Z, C12, C18, C12, and C2
. . (see Table 2). For most of these carbons, one or both of the
[E.EJBCh ¢ in CCl, for all proton-attached carbons. Negative two signals shifted across their neighboring peaks to higher

pe?"s represent methylene carbons. The fraction&ig- fields; whereas for C18one resonance shifted across €f6
enriched sample was used for the assignments of severala lower field. Resonances of CAand flla, coincident in the
resonances with low S/N ratio, as indicated in the insets in . '

Fi 34, Posit f bon C5 firmed b spectrum with methanol, resolved in the dimer spectrum with
Igure sa. FosItions of meso carbon &5 Were Confirmed by & 4 ot c12 shifted to a higher field. The order of €and f3a,
H—C correlation experimerif. Only one signal of C18was

observed from the DEPT spectrum, the other one that was™ (32) smith, K. M.; Bobe, F. W.; Goff, D. A.; Abraham, R. J. Am.
almost coincident with that of the C18 but with opposite phase Chem. Soc1986 108 1111.
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ot The different interactions of THF and acetone with the Mg atom
of Chl a may cause different conformations of the flexible
macrocycle and redistribution of charge density within the
molecule3? This conclusion can also be applied ®E|BChI
ce of this study, as we have shown that BGhforms pen-
tacoordinated aggregates in vivo as well as in acetone, ether,
and other nonpolar solvents in vitro, whereas the Mg atom is
hexacoordinated in methanol and pyridine from the results of
resonance Ramat, absorption, CD, and magnetic CP.
Therefore, the downfield shifts of the macrocyclic carbons may
partly be attributed to a change of coordination number from
six in methanol to five in CGl Changes in excitation state could
also alter theé"3C chemical shift because the magnitude of the
paramagnetic term can be approximated to be inversely pro-
portional to an average excitation enef§wnd such effect was
first used by Boxer et &P to interpret the large downfield shifts
upon insertion of Mg into methyl pheophorbide. The strég
¢C\ ; A absorption band ofH,E]BChl cr shifted from 668 nm in
O~ s 0 211 D81 058 05  oss 008 148 methanol to 710 nm in CGl corresponding to a decrease of

Figure 4. Schematic map showing tH&C complexation shiftsAd = 2.5 kcal/mol in the transition energy. Assuming that the average

Odimer — Omonomer Of (3'R)-[E,E]BChl c= dimer. All values were obtained excitqt_ion energy in the dimer is dominated by me—' ”_*
using Table 2. transition, then about 6% increase to the maximum in the

) ) ) paramagnetic term (leading to downfield shifts) is expected for
f7a was exphanged. Flgyre 4 illustrates a schematic map of theyhe macrocyclic carbons. Intrinsic solvent effect may be
complexation shifts, defined bd = dgimer — 5m0ngmer Large estimated from the chemical shifts of the farnesyl carbons
chemical shift changes were found for C1, C3034, CS, provided that the side chains are in completely free motion in
C7’_C_:13' and C14. _A” carbons a_ttache_d to p_V"O'e fing | the solutions. A comparison 8fC chemical shifts of farnesyl
exhibited large negative complexation shifts, while most other . i-ia in methanals and CDC} revealed that backbone
carbons including the farnesyl chain showed a general trend Ofcarbons only had shift differences less than 0.18 ppm while all
positive complexation shifts. The farnesyl backbone carbons hadmethyl carbons had about 0.9 ppm downfield shifts in chloro-
small shift changes, whereas the side methyl carbons hao'form with respect to those in methanol (data not shown).

relatively large downfield shifts. . . .
1 . . . . However, a somewhat different situation may be expected for
The ™°C chemical shift changes upon dimer formation can the chlorin-attached farnesyl side chain. As mentioned above
be considered as a result of combined effects including (a) ring 1l 13C 'le NMR It Y d! ; thl t'I tl fthv ’
current due to the partial overlap of the macrocycle, (b) a - ana-- resufts indicate that farge portions otthe
farnesyl groups are entangled around the periphery of the dimer

coordinating state of the central Mg atom, (c) changes in les in CGlwith icted ! C |
excitation states, as was observed from absorption spectrum,macrOCyC es in CGlwith a restricted motion. Consequently,

(d) polarity of the solvents used, and (e) hydrogen bonding. Of the *°C chemical shifts for the farnesyl chain in GGhight
these factors, only ring current and hydrogen bonding could contain an effect of steric stra!n resulting from interactions
bring about an upfield shift under the conditions of this study Petween faresyl and macrocyclic carbons or peripheral groups.
in going from methanol to carbon tetrachloride as described The downfield-shift effect in CGlwas also demonstrated by a
below, while all other effects would result in downfield shift. ~Solvent-dependent experiment, in which t€ resonance of
The ring-current effect was the most remarkable, overriding tetramethylsilane shifted about 1.7 ppm to higher field when
other contributions to give substantial upfield shifts for the ring CCla was substituted for methanol as a solvénthe large

| and ring l-attached carbons (Figure 4). This is in accordance upfield shift observed for carbonyl carbon C18 interpreted
with our IH-NMR results!® showing significant upfield shifts  in terms of the effect of hydrogen bonding rather than ring
for all resonances of H2H3!, H3?, and H5, and supports that  current. This conclusion is based on our observatitat

the [E,E]BChl cr forms an antiparallel dimer mutually over- although E,E]BChl ce exists as monomer in both acetone and
lapped around the pyrrole ring | with an asymmetric configu- methanol an upfield shift of 3.6 ppm was measured when the
ration. The asymmetric feature was also characterized by thesolvent was changed to acetone from methanol which forms
complexation shifts, for example, one of the resonances of C5the hydrogen bond with C13xygen. The result is in good
shifted more than 4 ppm to higher field while another shifted agreement with the conclusion frofH-NMR study*®> showing
about 1 ppm to lower field with respect to the monomer form no evidence for a macrocycle overlap on the ring V, since any
in methanol. Most macrocyclic carbons, except for those around interaction between €0 and Mg or G=0 and—OH would

ring |, experienced downfield shifts in CCIA similar phe-

nomenon was reported by tjénen and Hynninen for all (34) Evans, T. A;; Katz, J. Biochim. Biophys. Actd975 396, 414.
macrocyclic carbons of chlorophyll (Chd)in going from THF 50235’23?2'82‘38”52'-2- L.; Cotton, T. M.; Norris, J. R.; Katz, JJJAm. Chem.
to acetoné? Since Chla exists in monomeric form in both (36) Fujiwara, M.; Tasumi, MJ. Phys. Chem1986 90, 250.

solvents, the result was explained in terms of a change in ligation  (37) Nozawa, T.; Noguchi, T.; Tasumi, M. Biochem199Q 108, 737.

of the solvent molecules to the axial positions of central Mg. _ (38) Umetsu, M.; Wang, Z.-Y.; Kobayashi, M.; Nozawa, Biochim.
Electronic absorption and resonance Raman spectroscopy sugP9Plys, Actal9og 1410 19.
p P Py sug (39) Karplus, M.; Pople. J. AJ. Chem. Phys1963 38, 2803.

gested that the central Mg of Chlis predominantly hexaco- (40) Boxer, S. G.; Closs, G. L.; Katz, J.I.Am. Chem. Sod974 96,

ordinated in THF, whereas it is pentacoordinated in acetbrie. ~ 7058.
(41) Ziessow, D.; Carroll, MBer. Bunsen-Ges. Phys. Cheb972 76,

(33) Létjonen, S.; Hynninen, P. HOrg. Magn. Reson1981 21, 757. 61.
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Table 3. Assignments of>N-NMR Spectra of IntactE,E]BChl c¢

I11
s " position CROD CcCly complexation shift

ﬂ‘ ‘}‘ N, 199.32 199.72 0.41

w | U“ Jl 198.44 —0.87

M ‘ Ny 212.48 211.87 —0.61

W e 209.04 —3.44

N 196.59 195.69 —0.90

195.30 -1.29

Niv 250.66 249.56 —-1.10

‘kww \ “ 245.44 —5.23

PRIV TR (PRSI S eRe—
WS 250 s a0 meom0 amom0omS omo s a9 A e chlorins with a higher symmeti#:43 Boxer et al'® measured

Figure 5. Proton-decoupletN spectra for the fully*N-labeled (3R)- 15N spectra of pheophytia, but failed to detect the signals from
[EEIBChI ce in methanoles (bottom) and in CGl (top). Both 95% 15N-enriched Chka in acetone even at a maximum pulse

conceqtrations were 2 mM. Chemical shifts were referenced to 3 M interval for 2 days. Thé5N chemical shifts of the four BChd
NH.Cl in 1 M HCI (24.9 ppm). nitrogen atoms in this study are close to those determined by
o I an indirect method? however, the order is reversed between
! N, and N;. The difference may be attributed to the different
" o L‘JL solvents used, as a strong solvent effect was observed on the
_ &LAL ppm relative ordering between;ldnd N, as well as N and Ny, in
the case of BChh.'® Unlike 13C and'H spectra, no obvious
F190 ring-current effect was measured 8N chemical shift of the
5 2mr oo dimer spectrum in CGJ implying that the'>N chemical shift
i 1 of BChl cis predominated by contributions from paramagnetic
l [210 shielding and other factors. N nitrogen atoms were most
Eo2g 15N sensitive to the dimer formation, followed in the order af,N
: N;, and Ny, as can be seen from the changes and separations
of chemical shifts for each pair of resonances in the dimer
E 240 spectrum. The differences in theN chemical shifts of the same
o i type nitrogens reflect different electronic environments involved
S Fer with the respective molecules in the dimer, and may be
: ‘ ‘ ‘ ‘ k260 interpreted in terms of their electronic states andNig bond
e s Tt ° ‘ 3w lengths. Spangler et &.found a good quadratic correlation
between'>N chemical shifts and p-orbital populations for the

(3IR)-[E.EIBChI ¢ in methanole at a concentration of 2 mM, along magnesium-free and magnesium-containing porphyrin deriva-

with the assignment. Note that triplets can be seen on the signals oft'ves’ which was not appllc_able to tﬁ:& chemlca_l S_h'fts' Itis
H5 and H10 with a coupling constant of 4.6 Hz. of interest to note that their calculations of ab initio quantum
mechanics revealed significant changes in the populations of

result in a downfield shift. An example of the former has been Niv—Mg o bond, Ny z-orbital, and N—(Mg—Ny) o—z-type

L.

230

Figure 6. 'H—5N HMBC spectrum obtained with the fullyN-labeled

given in a disaggregating process of chloroprg/itlimer by bond order upon coordination of8 to the magnesium of ethyl
THE 42 chlorophyllidea. This result may mean that the electronic states
15\-NMR of the Intact [E,E]BChI ¢ in Methanol and of Niv and N, nitrogens are more sensitive to environmental

changes than those of Wnd N;. Another ab initio calculation
and solid staté®N-NMR study by Strohmeier et &.on highly
symmetric metattetraphenylporphyrin compounds suggested
that the!>N chemical shifts tend to be determined by the metal
nitrogen separation. Considering the close proximity of about
d 33 A separation between the overlapping macrocyclic planes
of [E,E]BChI cr dimerl5 it is reasonable to explain theN
chemical shift differences between similar nitrogens in the dimer
spectrum as a consequence of strong intermolecular interaction,
which leads to a slightly asymmetric electronic state and bond
lengths for corresponding nitrogen atoms in the dimer.

CClI, Figure 5 shows proton-decoupl&tN-NMR spectra of the
fully 1*N-labeled intact [£,E][BChI cr in methanol and CGl
Assignment was made by long-randel—'>N correlation
experiment, which is shown in Figure 6 for thi,E]BChl ce
in methanol. A coupling constant &y, = 4.6 Hz was obtained
from theH-NMR spectrum where clear triplets were observe
on H5 and H10 methine signals. Table 3 shows the assignment.
In methanol, resonance of \N appeared most downfield,
followed by Ny, Nj, and Ny toward higher field. In CGJ two
signals were observed for each type of nitrogen atom, confirming
the existence of a stable and asymmetB®E]BChI cr dimer.
N, resonances separated with one at a lower field and anothe
to a higher field with respect to that in methanol, whereas all
other resonances shifted to higher fields. Apparently different  In this study, complete assignments'8€ and!*N solution
line widths were found for the M and N pairs. Separations of NMR spectra are reported for intackE,E][BChl cr in pure
the chemical shift between the two signals in each pair increasedmethanol and CGl Two sets of resonances for each carbon
with the increase of chemical shift. and nitrogen atom were observed in ¢&blution, supporting
To our knowledge, this is the first observation of solution @& dimeric structure derived froftH-NMR study. The ring-
15N-NMR signals directly detected from Mg-chlorin compounds, (43) Okazaki, T., Kajiwara, MChem. Pharm. Bul1995 43, 1311.

although similar results have been reported for Mg-bacterio-  (44) Spangler, D. G.: Maggiora, M.; Shipman, L. L.; Christoffersen, R.
E.J. Am. Chem. Sod.977 99, 7478.

(42) Katz, J. J.; Janson, T. R.; Kostka, A. G.; Uphaus, R. A,; Closs, G. (45) Strohmeier, M.; Orendt, A. M.; Facelli, J. C.; Solum, M. S.; Pumire,
L. J. Am. Chem. S0d.972 94, 2883. R. J.; Parry, R. W.; Grant, D. Ml. Am. Chem. Sod.997, 119, 7114.
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current effect was large enough to override other effects in the Sensitivity of the electronic state of the nitrogen atom suggests
13C spectrum as indicated by the large upfield shifts of the that the macrocyclic interactions could cause slight differences
carbons around pyrrole ring I, where the two macrocycles in the electron population and in the-Wig bond length for
apparently overlap, with respect to the chemical shifts of its each corresponding nitrogen atom in the dimer.

monomeric form in methanol. Most other macrocyclic (including ] o
substituent groups) and farnesyl carbons exhibited downfield ~Acknowledgment. The authors thank Hiroaki Saito for
shifts. Three effects under the conditions of this study are technical assistance. This W‘?rk was.supported by Grant-in-Aid
considered to bring about a downfield shift, i.e., coordinating from the Ministry of Education, Science and Culture, Japan
state of the central magnesium atom, transition energy ofthe (N0s. 07750872 and 08455377).

electron system, and polarity of the solvent. However, we are
unable to explicitly evaluate each of these effects from the
current data. Propionic-farnesyl side chains in the dimer seem
to form a “return” structure over a region fromo f2 carbons
with different conformation and molecular motion. There is no

apparent hydrogen bond formed in the €xarbonyl group, DEPT spectra, 2D-HMBC, and 2D-INADEQUATE spectra

as well as no ring overlap over the ring V in the dim&N : o ] .
chemical shift appears to be predominated by the paramagnetic(PDF)' This material is available free of charge via the Internet

shielding term rather than the ring current. Resonances\of N at http://pubs.acs.org.
and N, nitrogens were most sensitive to the dimer formation. JA991050A

Supporting Information Available: 13C NMR spectral
collection with assignment for the autherttians,transfarnesyl
acetate and for the intact'@®-[E,E|BChl cr (natural abundance,
fractionally 12C-enriched and fully!3C-labeled samples) in
methanold, and CC}, including 1D proton-decoupled spectra,



