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ABSTRACT

A novel Zn-containing bacteriochlorophyll was found to function as the photosynthetic pigment in an aerobic bacterium Acidiphilium rubrum
growing under acidic conditions (Wakao et al., Plant Cell Physiol., 37, 889-893, 1996). In this work, we have unambiguously determined the molecular
structure of this pigment by high performance liquid chromatography, absorption, circular dichroism, inductively coupled plasma, fast atom bombardment
mass and 'H-nuclear magnetic resonance measurements. The structure of the pigment was identical with that of bacteriochlorophyll a esterified with

phytol, except that the central metal is zinc in place of magnesium.
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INTRODUCTION

The major pigments of both antenna systems and reaction
centers (RCs) of photosynthetic organisms are chlorophylls (Chls)
in higher plants and algae and bacteriochlorophylls (BChls) in
photosynthetic bacteria. Chls and BChls contain magnesium
(Mg) as a central metal of substituted porphyrin, chlorin or
bacteriochlorin macrocycles. The metal-free forms, namely,
pheophytin (Pheo) a, bacteriopheophytin (BPheo) a (Fig. 1) and
BPheo b, also function as the primary electron acceptors in the
RCs of photosystem 2 of higher plants and algae [1] and the
photosynthetic purple bacteria [2,3]. Although some other metal

complexes, especially zinc (Zn) complexes, are used in the studies CooHgg = L7 & & & Fie
of artificial photosynthesis [4,5], natural occurrence of such a p3! p7! 11! Pls'
compound had not been reported, till our finding [6].
. .. M

We first found a novel bacteriochlorophyll containing Zn as the 7n-BChI 2 7n
central metal in an aerobic bacterium Acidiphilium rubrum (A. BChl a Mg
rubrum) growing under low pH [6]. The compound is the major BPheo 2 2H
pigme_nt in A. rubrum and photochemical reaction brings out in the Fig. 1 Molecular structure and carbon numbering of Zn-BChl a, BChl
isolated membranes [6]. The Zn-containing bacteriochlorophyll is a(Mg-BChl a) and BPheo a; according to the IUPAC numbering system.
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Abbreviations: BChl, bacteriochlorophyll; BPheo, bacteriopheophytin; CD, circular dichroism; FAB-mass, fast atom bombardment mass; ICP, inductively
coupled plasma; HPLC, high performance liquid chromatography; LH1, light harvesting complex 1; M-BChl, metallobacteriochlorophyll;
NMR, nuclear magnetic resonance; RC, reaction center
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present in all established species of Acidiphilium [7]. Genes of
these bacteria contain the puf operon coding the L, M and C
subunits of the RC proteins and the « and £ subunits of the
light harvesting complex with high homology to those in the
photosynthetic purple bacteria [8]. The RC complex isolated
from A. rubrum [9] contains the Zn-containing pigment, but no
BChl a (Mg-BChl a) molecule has been found in the RC [10]. In
order to discuss the characteristics of the natural photosystem
driven by Zn-containing bacteriochlorophyll in A. rubrum in the
molecular level, we must know the exact molecular structure of
the compound.

In this paper, we determined the molecular structure by high
performance liquid chromatography (HPLC), absorption, circular
dichroism (CD), inductively coupled plasma (ICP), fast atom
bombardment mass (FAB-mass) and 'H-nuclear magnetic resonance
("H-NMR) measurements. The structure of the pigment was identical
to that of BChl a esterified with phytol, except that the central metal
is substituted by Zn in place of Mg (Fig. 1).

MATERIALS AND METHODS

Culturing )

Acidiphilium rubrum (ATCC 35905) cells were grown
aerobically at 303 K in air bubbled BYG medium at pH 3.5 as
described previously [6]. . ’

Pigment analysis and preparation

Pigments were extracted from cell suspension (ca. 10 ¢ ) by
sonication in a ca. 300-fold volume of acetone/methanol (7/3, v/v)
mixture for 2 min in the dark at room temperature. The extract
was filtered and dried in vacuo. The whole procedure was completed
within 5 min.

The pink solid material obtained by the above procedure was
immediately dissolved in 10 £ of chloroform, and injected into
a silica HPLC column (Senshupak 1251N, 250X4.6 mm i.d.)
cooled to 277 K in an ice-water bath. The pigments were eluted
isocratically with degassed hexane/2-propanol/methanol (100/
0.7/0.3, v/v) at a flow rate of 1.35 m{¢ min!, and were monitored
with a JASCO 875 UV-detector and a JASCO Multiwavelength
MD-915 detector.

Sufficiently pure pigments (> 99 %) used for the measurements
of the absorption, CD, ICP, FAB-mass and 'H-NMR spectra were
extracted from dried cells and purified by preparative-scale HPLC
(Senshupak 5251N, 250X 20 mm i.d.) at 277 K with hexane/
2-propanol (100/3, v/v) at a flow rate of 7 m¢ min™.

Both BChl a of Rhodobacter (Rba.) sphaeroides and the Zn-
containing pigment of A. rubrum were acid treated to yield the metal-
free compounds according to the methods described previously
{11,12]. The products were purified by preparative-scale HPLC.

Absorption and CD spectrometry

The absorption spectra of the purified pigments were measured
in acetone, diethyl ether, benzene and 2-propanol with a JASCO
Ubest V-560DS spectrophotometer at room temperature. CD

spectra of BChl a of Rba. sphaeroides and the Zr-coniaining
pigment of A. rubrum were measured in benzene with a JASCO
J-720W spectropolarimeter at 293 K.

ICP spectrometry

For metal analysis, an aliquot of a diethyl ether solution of
the Zn-containing pigment was dried, carbonized with conc.
H,SO,, and converted to ash at 823 K. Then the sample was dissolved
in 10 mé of 0.6 M HC{ and subjected to ICP spectroscopy with a
Jarrel-Ash model ICAP-975 ICP-atomic emission spectrometer.

FAB-mass spectrometry

The FAB-mass spectrometry of the Zn-containing pigment of
A. rubrum was performed on a JEOL JMS-MStation in a m-
nitrobenzyl alcohol matrix to the first decimal place (four
significant digits). That of the metal-free compound of the
pigment prepared by the acid treatment was determined on a
JEOL JMS-SX-102A in the same matrix (to three significant
digits). High-resolution mass experiments for the Zn-containing
pigment at resolution 5000 were performed on a JEOL JMS-
MsStation using polyethylene glycol as the standard, with an
acceleration potential of 10 keV.

'H-NMR measurements

'H-NMR spectra of the Zn-containing pigment of A. rubrum,
its metal-free compound, and BPheo a prepared frém BChl a of
Rba. sphaeroides were measured on a JEOL GSX-270 NMR
spectrometer (270 MHz) in acetone-d,using TMS (tetramethylsilane)
as an internal standard. The pulse angle was 45°, the repetition time
was 15 s, and 256 acquisition transients were accumulated. The
concentration of the pigments was adjusted to ca. 3 mM, and the
measurements were carried out at 263 K. The signals assignment
of the Zn-containing pigment of A. rubrum and its metal-free
compound was conducted referring to the signals of BChl a and
BPheo a of Rba. sphaeroides.

RESULTS

HPLC analyses
HPLC was used to analyze the pigments collected in the
acetone/methanol extract of A. rubrum. The pigments were
monitored at 765 nm (Fig. 2). Peaks 1 and 3 (pigments 1 and 3)
have exactly the same retention times as peaks of BPheo a, and
BChl a,, where P denotes phytyl (Fig.1), of Rba. sphaeroides,
respectively (Fig. 2A and C). The retention time of peak 2
(pigment 2) is obviously different from those of BChl a, of Rba.
sphaeroides (Fig. 2C) and BChl a__, where GG denotes geranyl
geranyl, of Rhodospirillum (Rsp.) rubrum (Fig. 2D). In our
previous paper [6], pigment 2 was assumed to be a Zn-containing
bacteriochlorophyll derivative, since the absorption spectrum is
similar to BChls, and Zn instead of Mg was detected by ICP
measurement: : :
Acid treatment of pigménts 2 and 3 produced a sole compound
(Fig. 2B) with the same retention time as those of pigment 1 and
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Fig. 2 HPLC elution profiles for (A) extract of A. rubrum, (B) acid Fig. 3 (A) Absorption spectra of pigments 1 (—-—-), 2(——)and
treated extract of A. rubrum, (C) extract of Rba. sphaeroides, and (D) ‘ 3 (———)purified from A. rubrum, and (B) CD spectra of pigment 2
extract of Rsp. rubrum. Detection wavelength, 765 nm. purified from A. rubrum and BChl a purified from Rba. sphaeroides in
benzene.

the natural BPheo a, contairied in Rba. sphaeroides (Fig. 2C) to be BPheo a and BChl a, respectively. The absorption spéctrum of

and in Rsp. rubrum (Fig. 2D), suggesting that pigment 1 is BPheo pigment 2 is similar in shape to that of BChl a but different in
a, (Fig. 1) and that macrocycles of pigments 2 and 3 are the same shape from that of BPheo a (Fig. 3A and Table 1). The absorption
as that of BPheo a, The retention time of BPheo g, (t = 24.5 maxima of pigment 2 were all blue-shifted compared to those of
min) was obviously different from that of BPheo a_ (t = 29.0 BChl a in the four solvents examined here (Table 1). The peak
min, not shown in Fig. 2) prepared by the acid treatment of BChl wavelengths in diethyl ether were consistent with those of the
a,, of Rsp. rubrum, suggesting that the esterifying alcohol of artificially prepared Zn-transmetalated BChl a (Table 1) reported
pigments 1, 2 and 3 is not geranyl geranyol but phytol. by Scheer and Hartwich [13]. The absorption maxima of the

acid treated pigment 2 were consistent with those of pigment 1

Absorption and CD spectra and BPheo a (Table 1). The CD spectrum of pigment 2 was
The absorption spectra of pigments 1 and 3 are identical to similar in shape to that of BChl a, although the positions of the
those of BPheo a and BChl a in the four different organic solvents peaks differed (Fig. 3B). This indicates that the stereochemistry of
(Table 1). Minor components, pigments 1 and 3, are hence concluded C7,C8,C13% C17 and C18 in pigment 2 is the same as in BChl a.

Table 1. Absorption maxima (nm) and relative intensities for pigments 1, 2 and 3 of A. rubrum and BPheo a prepared from pigments 2 and 3 at room

temperature.
Acetone ‘ Diethyl ether Benzene 2-Propanol
B Q Q B Q Q B Q Q B Q, Q
Pigment 1 357.0 524.5 746.0 356.5 5245 7485 362.0 5320 758.0 3585  529.0 750.0
_ (100) (24.9) (48.2) (100) (25.7)  (63.0) (100) (26.0) (71.7) (100) (24.5) (52.1)
BPheo a 357.0° 5245 746.0° 356.5* 524.0° 748.5* 362.0° 532.0° 758.0° 358.5* 529.0° 750.0°
357.0° 524.5° 746.5° 357.0° 524.5° 749.0° 362.5° 532.0° 758.0° 358.5°  529.0° 750.0°
- — - 357.0° 525.0° 749.0° - — - - - -
Pigment2  354.0 562.0 762.0 353.0 559.0 7625 3550 5565 7755 357.0  571.5 768.0
(99.6) (29.4) (100) (80.1) (23.6) (100) (68.0) (20.2) (100) (91.4)  (29.3) (100)
Zn-BChl a - - - 353.0° 559.0° 762.0° - - - - - -
Pigment3  358.5 579.0 769.0 357.0 5735 7705 361.0 580.5 781.0 362.5  586.5 7755
et D, 214 (100) (7e.n .23 (1% (70 @52 10 (848 .@QLo (00
Mg-BChla 358.5¢ 579.0¢  769.0° 357.0° 573.0° 771.0° 361.0° 580.5¢ 781.0° 362.5¢ 586.5¢ 775.5°

a) Prepared from pigment 2, b) Prepared from pigment 3, c) From Ref. [13], d) Purified from Rba. sphaeroides



Photomedicine and Photobiology, Vol. 20, 1998

ICP measurements

Zn (15.6 ¢ g, 238 nmol) was detected with a trace amount (<0.8
1 8) of Fe and Mg in pigment 2 (240 nmol) by ICP spectroscopy.
This corresponds to the molar ratio of Zn : pigment 2 = 0.99 : 1.00.
No other metals (Ag, Al. Ca, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pd,
Se) were detected.

FAB-mass measurements

The FAB-mass spectrum of pigment 2 had a dominant peak
at m/z 950.5 produced by the molecular ion, M*(Fig. 4A). It
was 39.9 mass units larger than the peak at m/z910.6 of BChl a
(C,H,,N,OMg) and was the same value of the artificially

557774

prepared Zn-BChl a (C,H, N,0 *Zn; 950 [14]). The intense
peak at m/z 672.2 can be explained by the loss of the esterifying
phytol (C,;H, OH) from the pigment. Figure 4B shows the FAB-
mass spectrum of the acid treated pigment 2. The dominant peak
at m/z 888 which coincides with that of the molecular ion of
BPheo a (C,;H, N,O.2H). There is also a peak at m/z 610
produced by the fragment (M-C, H,,+H)*, which is produced by
eliminating the esterifying phytol. The high-resolution mass
measurement of pigment 2 gave a value of m/z950.4935 for the
major peak. This can only be explained by one rational formula,
C,H, N 4O;“Zn (Calcd. 950.4899). The peaks at m/z 952.5 and
954.5 in Fig. 4A were produced by M* containing isotopes of
Zn, C,H, N0 %Zn and C;H, N,0,%Zn, respectively.
'H-NMR measurements _

Finally, '"H-NMR was used to determine the exact molecular
structure of the macrocycle of pigment 2 of A. rubrum. The
spectrum of the metal-free form prepared from pigment 2 (Fig.
5A) was identical to that of BPheo a prepared from BChl a of
Rba. sphaeroides (Fig. 5B). The proton signals linked with
nitrogen were observed at -0.82 ppm. The results reveal that
pigment 2 has the same macrocycle as BChl a and BPheo a, and
is concluded to be Zn-BChl a (Fig. 1). Figure 5C shows the 'H-
NMR spectrum of Zn-BChl a purified from A. rubrum in acetone-
d,. The signal assignments are listed in Table 2.

DISCUSSION

The molecular structure of the Zn-containing pigment in A.
rubrum was determined to be that of BChl aesterified with phytol,
except that the central metal is Zn in place of Mg. Thus, we
hereafter use an abbreviation, Zn-BChl a (Fig. 1), for the Zn-
containing bacteriocholorophyll found in A. rubrum.

The natural occurrence of BChl with a central metal other
than Mg, Zn-BChl a, in photosynthetic organisms will provide
not only a new tool to study photosystems like as photoreactions
and interactions between pigments and proteins, but also
rationality to the previous investigations using a series of
transmetalated bacteriochlorophyll a (M-BChl a) [13-20] and
chlorophyll a (M-Chl a) [12,19-24].

Genes of A. rubrum contain the puf operon coding the L, M
and C subunits of the RC proteins and the « and 3 subunits of
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Table 2. 'H-NMR chemical shifts (ppm) for bacteriochlorophylls in
acetone-d, at 263K

Proton BPheo a* 'BPheo a” Zn-BChl a9
5 9.12 9.12 8.95
10 8.82 8.81 8.55
20 8.73 8.73 8.57
132 6.17 6.17 6.02
P2 497 497 5.06
18 - 4.42 4.41 439
Pl 4.40-4.33 4.40-4.33 4.38,4.29
7 4.22 421 430
8 4.10 4.10 4.07
17 4.02 4.01 3.99
132-OMe 3.84 3.84 3.81
2Me 3.59 3.59 3.49
12Me 3.57 357 3.36
3Me 3.06 3.06 3.09
17! 2.6-2.3 2.6-2.3 2.50,2.37
8! 2.6-2.3 2.6-2.3 2.40,2.09
172 (1.81) (1.81) 2.02
TMe 1.81 1.81 1.77
18Me 1.74 1.74 1.70
p3! 1.48 1.48 1.54
8? ~1.1 1.12 1.10
P15', P16 0.81 0.81 0.85
P7', P11! 0.74,0.72 0.74,0.72 0.81,0.79
NH -0.82 -0.82 -

a) Prepared from pigment 2 of A. rubrum.
b) Prepared from Mg-BChl a of Rba. sphaeroides.
c) Pigment 2 purified from A. rubrum.

light harvesting complex 1 (LH1) with homologous amino acid
sequence to those in the photosynthetic purple bacteria [8].
Comparison of amino acid sequences of the L and M subunits
between the Acidiphilium species and other purple bacteria shows
one characteristic replacement of an amino acid in the region around
the special pair, based on the crystal structure of the RC of Rba.
sphaeroides [2]; His L168, which is highly conserved in other purple
bacteria, is replaced by Glu L168 in the Acidiphilium species [8].
The RC complex isolated from A. rubrum contains four molecules
of Zn-BChl a and two molecules of BPheo a[10]. Since Zn-BChl
ais shown to have the same macrocycle as that of BChl ain the
current investigation (Figs. 1 and 5), above findings indicate that
special pair and accessary pigments are Zn-BChl a, the primary
electron acceptor is BPheo a, and the pigments are placed with
the same geometry in the RC of A. rubrum as that in the RC of
the purple bacteria. On the other hand, oxidation potential of
Zn-BChl a measured in vitro is more positive than that of BChl a
[15, 18]. Thus, the characteristic replacement of an amino acid
in the region around the special pair from His L168 to Glu L168
seems to be relating to the regulation of the oxidation potential
of the special pair composed of Zn-BChl a in A. rubrum. In
Rba. sphaeroides, His L168 forms a strong hydrogen bond to the
acetyl carbony! group at ring I of BChl a (see Fig. 1) of the special
pair [2,25], and contributes to asymmetrical distribution of the
positive charge on the special pair. Removal of the hydrogen
bond from the His L168 results in an 80 mV decrease of redox
potential of the special pair in the RC of Rba. sphaeroides [25].

This may be a counter measure of the RC proteins to the elevation
of the oxidation potential of Zn-BChl a special pair in the RC of
A. rubrum.

As expected from electronegativity of metals, Zn-BChl a
exhibits high resistance to acid as compared to BChl a; Zn-BChl
a was pheophytinized roughly 10%fold slower than BChl a
[12,20]. The strong resistance of Zn-BChl a to acid seems to be
one of the reasons for the use of Zn as the central metal in A.
rubrum. As is noted in the Pourbaix diagrams for Zn and Mg,
Mg?* is the predominant form at neutral pH, while the region
where Zn* is the major form of Zn is limited to low pH [20, 26]. Based
on the fact that the macrocycle of Zn-BChl a is the same as that
of BChl a, the macrocycle is considered to be biosynthesized by
similar pathways in both A. rubrum and the purple bacteria in
prior to the metalation. In this context, the low ionization property
of Zn is preferable for forming the chelate compounds under
low pH conditions using the biosynthesized macrocycle. This
may be the primary reason why Zn in place of Mg is the major
central metal of the bacteriochlorophyll in A. rubrum.
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