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ABSTRACT: The activity of an enzyme encoded by the CT1610 gene in the green sulfur photosynthetic bacterium
Chlorobaculum tepidum, which was annotated as bacteriochlorophyll (BChl) a synthase, BchG (denoted as tepBchG), was
examined in vitro using the lysates of Escherichia coli containing the heterologously expressed enzyme. BChl a possessing a
geranylgeranyl group at the 17-propionate residue (BChl agg) was produced from bacteriochlorophyllide (BChlide) a and
geranylgeranyl pyrophosphate in the presence of tepBchG. Surprisingly, tepBchG catalyzed the formation of BChl a bearing a
farnesyl group (BChl ag) as in the enzymatic production of BChl agg, indicating loose recognition of isoprenoid pyrophosphates
in tepBchG. In contrast to such loose recognition of isoprenoid substrates, BChlide ¢ and chlorophyllide a gave no esterifying
product upon being incubated with geranylgeranyl or farnesyl pyrophosphate in the presence of tepBchG. These results confirm
that tepBchG undoubtedly acts as the BChl a synthase in Cba. tepidum. The enzymatic activity of tepBchG was higher than that
of BchG of Rhodobacter sphaeroides at 45 °C, although the former activity was lower than the latter below 35 °C.

hlorophyll (Chl) and bacteriochlorophyll (BChl) pig-

ments are crucial in photosynthetic light-harvesting and
charge-separating processes. These pigments generally consist
of a cyclic tetrapyrrole with an exocyclic five-membered E-ring,
and, except for Chls ¢, possess a long esterifying hydrocarbon
chain at the 17-propionate residue."” The esterifying groups are
not conjugated with the photofunctional cyclic tetrapyrrole 7-
skeletons in chlorophyllous pigments; they play a major role in
the formation and stability of photosynthetic apparatus by
hydrophobic interactions with their surrounding microenviron-
ments. The attachments of esterifying moieties to the free 17-
carboxy forms of (B)Chls, named chlorophyllides (Chlides)
and bacteriochlorophyllides (BChlides), are catalyzed by
enzymes called (B)Chl synthases in the last step of the
(B)Chl biosynthetic pathways.’~”

The esterifying chains of chlorophyllous pigments are full of
variety in green sulfur photosynthetic bacteria, which possess
three kinds of such pigments, namely, major light-harvesting
BChl species (BChl ¢, d, and e) esterified with farnesol (BChl
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¢, dp, and eg), BChl a esterified with phytol (BChl ap), and Chl
a esterified with A2,6-phytadienol (Chl app).*~"* The
molecular structures of (B)Chls found in one of the green
sulfur bacteria, Chlorobaculum tepidum, are shown in Figure 1.
BChl ¢, dy, or e is most abundant [~97% of total (B)Chls] in
cells of green sulfur bacteria and forms self-aggregates in
extramembranous antenna complexes, called chlorosomes.®™"*
In contrast, the amounts of BChl ap and Chl app, in green sulfur
bacteria are small [~3 and ~0.3% of total (B)Chls,
respectively].” BChl ap is present in both reaction center and
antenna complexes, whereas Chl app, functions as the primary
electron acceptor in the reaction center.””""'*"> Such a variety
of esterifying groups of (B)Chl pigments in green sulfur
bacteria is in sharp contrast to the homogeneity of the 17
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Figure 1. Molecular structures of three chlorophyllous pigments in
Cba. tepidum: (A) BChl ap, (B) BChl cg, where R® = C,H;, n-C;H,, or
iso-C,Hy and R'?> = CH; or C,Hs, and (C) Chl app,.

substituents of chlorophyllous pigments in many photo-
synthetic organisms."

Three types of (B)Chl synthases, BchK, BchG, and ChIG,
were annotated by genome analysis of Cba. tepidum and are
thought to participate in the attachments of long hydrocarbon
chains to the 17>-carboxy group in three (B)Chlides.”' ">~
Insertional inactivation of the bchK gene in Cba. tepidum
produced no BChl ¢, indicating that BchK catalyzes the
connection of a farnesyl group with BChlide ¢.'° The BchG
encoded by the CT1610 gene found in the genomic DNA of
Cba. tepidum was putatively assigned to BChl a synthase on the
basis of the results of complementation of a AbchG mutant of
Rhodobacter capsulatus with the CT1610 gene.'” However,
there is no information about the enzymatic activities of BchG
of Cba. tepidum. In vitro assays of enzymes working in the
pigment biosynthetic pathway of photosynthetic organisms
provide direct evidence of their functions and allow us to
understand their substrate specificity and enzymatic activities
clearly.”™® Actually, in vitro enzymatic activities of (B)Chl
synthases of higher plants,”*™** cyanobacteria,””** purple
photosynthetic bacteria,”~** and a filamentous anoxygenic
phototroph®® have been reported and provided useful
information about their functions. In this study, we first report
enzymatic assays of BchG of Cba. tepidum, which was
heterologously expressed in Escherichia coli, and compare its
activities with those of BChl a synthase from Rba. sphaeroides.
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B MATERIALS AND METHODS

Apparatus. High-performance liquid chromatography
(HPLC) analysis was performed with a Shimadzu LC-20AT
pump and an SPD-M20A detector. Liquid chromatography—
mass spectrometry (LC—MS) was conducted with a Shimadzu
LCMS-2020 system equipped with an electrospray ionization
probe. Mass spectrometry was conducted with a Shimadzu
AXIMA confidence mass spectrometer. Visible absorption
spectra were measured with a Shimadzu UV-2450 spectropho-
tometer.

Materials. BChlide a and Chlide a were prepared from
BChl a and Chl g, which were extracted from a purple
photosynthetic bacterium Rba. sphaeroides and a cyanobacte-
rium Spirulina geitleri, respectively, by use of a lysate of E. coli
that expressed chlorophyllase.”™””** A mixture of BChlide ¢
homologues (various 8- and 12-alkylation) and epimers (3'R
and 3'S stereochemistry) was prepared by an alkaline hydrolysis
of the esterifying moiety of a BChl ¢ homologue mixture, which
was isolated from Cba. tepidum, as follows. A BChl ¢
homologue mixture was incubated in a 4/1 (v/v) acetone/
water mixture containing 0.2 M NaOH overnight at room
temperature in the dark. After removal of unreacted BChI ¢
with hexane, BChlide ¢ was extracted with diethyl ether. The
organic solution was washed with water, followed by
evaporation. Geranylgeranyl pyrophosphate and farnesyl
pyrophosphate in a methanol/aqueous NH,OH mixture (1
mg mL™") were purchased from Sigma-Aldrich and used as
supplied.

Plasmid Construction. BchG of Cba. tepidum and BchG of
Rba. sphaeroides are hereafter denoted tepBchG and sphBchG,
respectively. To express tepBchG and sphBchG in E. col,
expression plasmids pET21-tepBchG and pET21-sphBchG,
respectively, were constructed as follows. For the construction
of pET21-tepBchG, the polymerase chain reaction (PCR) was
performed to amplify the bchG gene of Cba. tepidum using a
primer set of tbchG-F (GAAGGAGATATACATATGAACG-
GAAGCGATACGCT) and tbchG-R (GCTCGAATTCGGA-
TCTTACGGCCTTATGCCGACC), with KOD -plus- DNA
polymerase (TOYOBO). The underlined sequences in an
oligonucleotide primer represent overlapping regions of the
cloning site of expression vector pET21(a)* (Novagen, Merck
KGaA, Darmstadt, Germany). The pET21(a)* primer was
digested with Ndel and BamHI and then mixed with the PCR
product described above containing bchG of Cba. tepidum.
Their fragments were ligated using an In-Fusion HD Cloning
Kit (Clontech, Mountain View, CA), producing plasmid
pET21-tepBchG. Plasmid pET21-sphBchG was constructed
by the same method using the sbchG-F (GAAGGAGATAT-
ACAT/ATGAGTGTCAATCTATCCTTAC) and sbchG-R
(GCTCGAATTCGGATC/TCACGGCAGCACCTCCAG)
primers. DNA sequence analysis for confirmation of bchG
genes in the constructed plasmids was performed using primers
T7 promoter and T7 terminator (TaKaTa Bio Inc.).

Preparation of BchG. For the in vitro enzymatic assays of
BChl a synthases, the cell lysates containing active tepBchG
and sphBchG were obtained by expression in E. coli BI21(DE3)
strain. The 2.5 mL overnight cultures of E. coli BI21(DE3)
containing pET21-tepBchG or pET21-sphBchG were inocu-
lated with 250 mL of TB medium containing ampicillin (final
concentration of 100 yg mL™") and grown at 37 °C for 4 h.
Isopropyl 1-thio-f-p-galactopyranoside was added to the
culture (final concentration of 0.5 mM) for induction of

DOI: 10.1021/acs.biochem.5b00311
Biochemistry 2015, 54, 4998—5005


http://dx.doi.org/10.1021/acs.biochem.5b00311

Biochemistry

bchG gene expression, followed by overnight incubation at 28
°C. The harvested cells were suspended in a buffer containing
50 mM Tris-HCI (pH 7.8) and 150 mM NaCl and disrupted
with sonication. After centrifugation at 10322¢ for 15 min at 4
°C, the supernatants were used for enzymatic assays.

Enzymatic Assays. Enzymatic assays of BchG proteins
were performed as described in the previous report.”* A 50 mM
HEPES-NaOH buffer (pH 6.5-8.5) containing 120 mM
potassium acetate and 10 mM magnesium acetate (1 mL)
was mixed with glycerol (100 xL) and 2-mercaptoethanol (1
uL), followed by addition of isoprenoid pyrophosphate
(geranylgeranyl or farnesyl pyrophosphate, typically 10 uL),
an acetone solution of (B)Chlide (0.1 mM, SO uL), and the
lysate of E. coli containing BchG (amount of protein in the
reaction solution, 1.5 mg). After the reaction mixture had been
incubated at an appropriate temperature controlled by a water
bath in the dark, chlorophyllous pigments possessing an
isoprenoid moiety were extracted with diethyl ether and dried
with nitrogen gas. The pigments were analyzed on a 5Cg-AR-II
HPLC column (6 mm¢ X 250 mm) with methanol at a flow
rate of 1.0 mL min~". The relative yields from BChlide a to
BChl a were represented against the yield of BChl agg using
tepBchG under the reaction conditions at pH 7.5 and 35 °C for
30 min.

B RESULTS

Substrate Specificity. Figure 2A shows a typical elution
pattern of the extracts from the reaction solution containing
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Figure 2. HPLC elution patterns of the extracts from reaction
solutions of BChlide a and geranylgeranyl pyrophosphate (A) and
those of BChlide a and farnesyl pyrophosphate (B) incubated with
tepBchG, and those of BChlide a and geranylgeranyl pyrophosphate
incubated with the lysate of E. coli containing the empty pET21(a)*
vector (C) at pH 7.5 and 35 °C for 30 min. The chromatograms were
recorded at 770 nm and normalized at the largest peaks. The fractions
denoted by number signs and asterisks were ascribed to denatured
compounds of BChlide a and allomerized BChl g, respectively.

BChlide a and geranylgeranyl pyrophosphate in the presence of
tepBchG at pH 7.5 and 35 °C. A main product was eluted at 9.5
min in this chromatogram. This product had Soret, Q,, and Q,
absorption bands at 364, 608, and 770 nm, respectively, in the
HPLC eluent, indicating that the bacteriochlorin macrocycle
was intact in this product. This product gave a molecular ion
peak at m/z 905.4 in its LC—MS analysis, whose value was
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almost identical to the calculated value of BChl agg (m/z
905.50 for MH"). In the control experiment using the lysate of
E. coli containing the empty pET21(a)" vector, no fraction
derived from BChl agg was detected (Figure 2C). These data
show that BChl agg is formed by the catalytic action of
tepBchG. The fraction at 4.8 min was ascribed to unreacted
BChlide 4, and the slight fractions eluted around 5—6 min were
denatured compounds of BChlide g, including its demetalated
(pheophytinization) species, bacteriopheophorbide (BPheide)
a. A small amount of allomerized BChl agg (a 13*hydroxy
substitute of BChl ag), judged from its online absorption and
MS spectra, was detected at 8.2 min.

Farnesyl (C1S) pyrophosphate was incubated instead of
geranylgeranyl (C20) pyrophosphate with BChlide a in the
presence of tepBchG. Figure 2B depicts a typical HPLC elution
pattern of the products extracted from the reaction solution
containing BChlide a4 and farnesyl pyrophosphate. A major
product, whose Soret, Q,, and Q, bands were positioned at 364,
608, and 770 nm, respectively, was detected at 7.5 min. This
product eluted earlier than BChl agg. LC—MS analysis
demonstrated that this product exhibited a molecular ion
peak at m/z 837.6, which corresponded to the calculated value
of BChl a possessing a farnesyl group (BChl ag, m/z 837.44 for
MH?"). These results allow us to assign this main product to
BChl ag. Extracted BChlide a and its denatured pigments as
well as slightly allomerized BChl ag were also observed around
5—6 min and at 6.8 min as seen in the case of the enzymatic
reaction using geranylgeranyl pyrophosphate.

Time courses of the relative yields of BChl agg and BChl ag
by tepBchG were compared in Figure 3. The relative yields

Relative yield

15
Time / min

20 25 30

Figure 3. Time courses of the formation of BChl agg (O) and BChl ay
(A) by tepBchG at pH 7.5 and 35 °C. The yields were the averaged
values of three to six independent measurements and were normalized
at the value of BChl a¢g by incubation for 30 min.

were represented against the yield of BChl agg using tepBchG
for 30 min, as described above. The formation of BChl ay was
faster than that of BChl ag in the early phase, and the relative
yields became similar to each other after 15 min in their time
courses. The relative yield of BChl a; to that of BChl agg by
tepBchG was estimated to be 0.92 after incubation for 30 min.
These values indicate that tepBchG can attach a shorter farnesyl
moiety to the 17°-carboxy group of BChlide a at the similar
level as in the case of a geranylgeranyl moiety. Therefore,
tepBchG can latently utilize farnesyl pyrophosphate as a
substrate in addition to geranylgeranyl pyrophosphate, although
BChl ag is not biosynthesized in vivo.

Figure 4 shows the dependence of the concentrations of two
isoprenoid pyrophosphates on the enzymatic activities of
tepBchG after incubation at pH 7.5 and 35 °C for 5 min.
The relative yields of BChl ap from BChlide a and farnesyl
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Figure 4. Dependence of concentrations of geranylgeranyl (A) and
farnesyl pyrophosphates (B) on the conversion from BChlide a to
BChl agg and BChl gy, respectively, by tepBchG after incubation at
pH 7.5 and 35 °C for 5 min. The yields were the averaged values of
three or four independent measurements and were normalized at the
value of BChl ag after incubation at pH 7.5 and 35 °C for 30 min.

pyrophosphate from tepBchG were higher than those of BChl
agg by using geranylgeranyl pyrophosphate when concen-
trations of the isoprenoid diphosphates were low. In a while,
the enzymatic activities of tepBchG by using geranylgeranyl
pyrophosphate as a substrate reached levels slightly higher than
those with farnesyl pyrophosphate. An apparent Michaelis
constant K of tepBchG with geranylgeranyl pyrophosphate
was S times larger than that with farnesyl pyrophosphate.
Activities of sphBchG were also examined using BChlide a
and the two types of isoprenoid pyrophosphates mentioned
above. Panels A and B of Figure S show typical HPLC elution
patterns of the products after incubation of geranylgeranyl and
farnesyl pyrophosphates with BChlide a in the presence of
sphBchG, respectively. BChl agg was eluted at 9.5 min (Figure
SA), whereas BChl ag was detected at 7.5 min (Figure SB). In
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Figure 5. HPLC elution patterns of the extracts from reaction
solutions of BChlide a and geranylgeranyl pyrophosphate (A) and
those of BChlide a and farnesyl pyrophosphate (B) incubated with
sphBchG at pH 7.5 and 35 °C for 30 min. The chromatograms were
recorded at 770 nm and normalized at the largest peaks. The fractions
denoted by number signs and asterisks were ascribed to denatured
compounds of BChlide a and allomerized BChl g, respectively.
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both chromatograms, BChlide g, its denatured pigments, and
allomerized BChl a were observed at levels similar to those in
the assays of tepBchG. The relative yield of BChl ay to that of
BChl agg by sphBchG was estimated to be 1.0, which was
similar to that by tepBchG. Therefore, sphBchG can also utilize
farnesyl pyrophosphate as well as geranylgeranyl pyrophos-
phate.

BChlide ¢, which is a biosynthetic precursor (17-carboxy
form) of BChl ¢ in vivo, was incubated with two isoprenoid
pyrophosphates in the presence of tepBchG. Panels A and B of
Figure 6 show typical HPLC chromatograms of the extracts
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Figure 6. HPLC elution patterns of the extracts from reaction
solutions of BChlide ¢ and geranylgeranyl pyrophosphate (A), those of
BChlide ¢ and farnesyl pyrophosphate (B), and those of Chlide a and
geranylgeranyl pyrophosphate (C) incubated with tepBchG at pH 7.5
and 35 °C for 30 min. Chromatograms A—C were recorded at 668,
668, and 665 nm, respectively, and normalized at the largest peaks.
The fraction denoted by a number sign in panel C was ascribed to
denatured compounds of Chlide a. A magnified chromatogram of the
extracts of Chlide a and geranylgeranyl pyrophosphate from 10 to 20
min is inset in panel C.

from the reaction solutions containing BChlide ¢ with
geranylgeranyl and farnesyl pyrophosphates, respectively. The
fractions that eluted around 6 and 7 min were assigned to a
mixture of BChlide ¢ homologue/epimers and the correspond-
ing BPheide ¢ mixture, respectively. Demetalation of BChlide ¢
through the reaction occurred to a greater extent than that of
BChlide a and Chlide a under the conditions presented here.
This is in line with inherent demetalation properties of BChl ¢;
BChl ¢ is demetalated more rapidly than Chl a and BChl a
because of the presence of the methyl group at position 20 of
the chlorin macrocycle.””~** BPheide ¢ was extracted more
effectively than BChlide ¢ with diethyl ether, resulting in its
significant detection in these chromatograms, in which the
amount of BPheide ¢ was ~10 times larger than that of BChlide
c. Further degradation of BChlide ¢ tended to occur at higher
temperatures,”’ which cannot allow us to examine the assay
using BChlide ¢ at 45 °C. No BChl c¢g; and BChl ¢z were
detected around 10—15 min in these chromatograms,
indicating that tepBchG cannot catalyze the attachments of
isoprenoid chains to BChlide c. Figure 6C shows a typical
elution pattern of the extracts from the reaction solution for the
enzymatic assay using Chlide a and geranylgeranyl pyrophos-
phate. The fraction at 5.1 min could be ascribed to Chlide g,
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which was extracted from the reaction solution. Degraded
pigments of Chlide 4, including demetalated pheophorbide 4,
appeared after the fraction of Chlide a around 6 min. In the
case of Chlide a as a substrate, Chl agg was hardly observed
around 15 min at both reaction temperatures, 35 and 45 °C;
the amount of a pigment that eluted at 15 min (inset in Figure
6C) was too small to characterize under our analytical
conditions. These results clearly prove that tepBchG is the
BChl a synthase in Cba. tepidum and can hardly use the other
two chlorophyllous pigments, which exist in this bacterium.
Comparison of Enzymatic Activities between
tepBchG and sphBchG. The effects of reaction temperature
and pH on the production of BChl agg by tepBchG and
sphBchG were examined by enzymatic reactions for 30 min.
The plot with empty circles in Figure 7 depicts temperature-
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Figure 7. Temperature-dependent efficiencies of the conversion from
BChlide a to BChl agg by tepBchG (O) and sphBchG (A) by
incubation at pH 7.5 for 30 min. The yields were the averaged values
of three to seven independent measurements and were normalized to
the values of tepBchG at 35 °C.

dependent conversion efliciencies from BChlide a to BChl a¢¢
by tepBchG between 25 and 55 °C. The relative yields
increased with reaction temperature up to 45 °C and
significantly decreased at S5 °C. The temperature at which
tepBchG exhibited the highest activities was very close to the
optimal growth temperature of Cba. tepidum.”’ The pH
dependency of the relative yields between pH 6.5 and 8.5 is
represented as the plot with empty circles in Figure 8. The
activity of the enzyme tepBchG exhibited a slight pH
dependence; namely, the relative yield was slightly smaller at
pH 6.5 than at pH 7.5 and 8.5.

The plots with filled triangles in Figures 7 and 8 represent
the temperature and pH dependence of the relative yields of
BChl agg by catalytic actions of sphBchG. The sphBchG
enzyme exhibited the highest efficiency at 35 °C. The ratios of
the efficiency by tepBchG at pH 7.5 to that by sphBchG are
estimated to be 0.71, 0.66, and 2.1 at 25, 35, and 45 °C,
respectively. Therefore, tepBchG has enzymatic activity that is
lower than that of sphBchG at 25 and 35 °C, but approximately
2 times higher activity at 45 °C. The difference in the
temperature dependency of enzymatic activities between
tepBchG and sphBchG suggests that both enzymes were
adapted to the optimized growth temperature of each host
organism. The relative yield by sphBchG at pH 7.5 was slightly
larger than those at pH 6.5 and 8.5.

B DISCUSSION

This study first demonstrates in vitro enzymatic activities of
BchG of the green sulfur bacterium Cba. tepidum, which
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Figure 8. pH-dependent efficiencies of the conversion from BChlide a
to BChl agg by tepBchG (O) and sphBchG (A) by incubation at 35
°C for 30 min. The yields were the averaged values of four to seven
independent measurements and were normalized to the values of
tepBchG at pH 7.5.

possesses three kinds of chlorophyllous pigments esterified with
different alcohols, namely, BChl ¢z, BChl ap, and Chl app,. The
enzyme tepBchG catalyzed conversion of BChlide a to BChI
agg but was unable to utilize BChlide ¢ and Chlide a as
substrates. These results clearly indicate that tepBchG functions
as BChl a synthase in Cba. tepidum. This confirmation is
consistent with no report of the inactivation of the CT1610
gene in Cba. tepidum, because such inactivation would become
lethal because of the essential roles played by BChl ap in the
reaction centers and possibly light-harvesting complex. These
results are in line with the previous reports that BchGs of
purple photosynthetic bacteria and a filamentous anoxygenic
phototroph are specific to BChlide a and cannot utilize Chlide
a3 It was suggested that BchG of a filamentous
anoxygenic phototroph Chloroflexus aurantiacus recognized
the 3-acetyl group of BChlide a without discriminating the
skeleton of the tetrapyrrole macrocycles.”® The enzyme
tepBchG would differentiate BChlide a from BChlide ¢ and
Chlide a in the similar manner, in which the substituent at
position 3 in the cyclic tetrapyrroles is one of the recognition
moieties by BchG.

The enzymatic assays presented here indicate that both
tepBchG and sphBchG can attach not only a geranylgeranyl
moiety but also a farnesyl moiety to the 17-propionate residue
of BChlide a. These suggest that BChl a synthases barely
recognize the length of hydrocarbon chains, although (B)-
Chlides are strictly recognized in these enzymes. Such loose
recognition of isoprenoid moieties is in line with promiscuous
isoprenoid recognition of an intramembranous prenyltransfer-
ase UbiA,***® which belongs to the superfamily that includes
Chl synthases. This prenyltransferase catalyzes the attachment
of isoprenoid moieties to p-hydroxybenzoate and hardly
recognizes isoprenoid moieties with various chain lengths.
The recent three-dimensional crystal structure of UbiA proved
the promiscuous recognition of isoprenoid moieties with this
enzyme."” The sequence homologies of tepBchG and sphBchG
were 35.1 and 34.0%, respectively, with UbiA from Aeropyrum
pernix. Three amino acid residues (Arg67, Tyr11S, and Asp186
in UbiA) of the seven important residues that participate in
recognition of the pyrophosphate moiety in isoprenoid
substrate are conserved in tepBchG and sphBchG. These
suggest that tepBchG and sphBchG have manners of binding of
isoprenoid pyrophosphate similar to those of UbiA, in which an
isoprenoid chain sticks out of the cavity of BChl a synthases,
although there is no structural information about (B)Chl
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synthases in photosynthetic organisms. It is worth noting that
Cba. tepidum can biosynthesize BChl ¢ derivatives esterified
with various long-chain alcohols, 732 suggesting that BChl ¢
synthase also promiscuously recognizes hydrocarbon moieties
as in the case of BChl a synthase.

We should pay attention to discuss kinetically the enzymatic
activities of tepBchG in these assays. First, these assays were
performed in heterogeneous systems using the lysates of E. coli
containing the heterologously expressed enzymes. Second,
isoprenoid substrates might be partially aggregated because of
their amphiphilic properties. It is noted that the predicted
molar solubility of geranylgeranyl pyrophosphate (0.87—2.22 M
at pH 6—8, data from SciFinder) was somewhat different from
that of farnesyl pyrophosphate (2.62 M at pH 6—8, data from
SciFinder). Therefore, the states of the two isoprenoid
diphosphates in reaction buffers might affect the kinetic
properties of the formation of BChls agg and ag by tepBchG.

The similarity of in vitro catalytic activities of tepBchG using
geranylgeranyl and farnesyl pyrophosphates would contradict
the failure to detect BChl ag in the cells of Cba. tepidum; the
geranylgeranyl group of produced BChl agg is regio- and
stereoselectively hydrogenated three times to give BChl a; in
vivo. It is too early to propose the mechanisms for the in vivo
differentiability between geranylgeranyl and farnesyl pyrophos-
phates in the attachment of BChlide a, but we wish to make
hypotheses about this enigma as follows. One is compartmen-
talization of the sites for the attachment of a geranylgeranyl
moiety during BChl a biosynthesis and that of a farnesyl moiety
during BChl ¢ biosynthesis in Cba. tepidum. BChl ag would be
selectively biosynthesized, if geranylgeranyl pyrophosphate is
produced around tepBchG and farnesyl pyrophosphate is
almost absent in the domain of BChl a biosynthesis. In a while,
BChl ¢z would be biosynthesized and aggregated in
chlorosomes, if BChI ¢ synthase, BchK, might be located and
be able to utilize farnesyl pyrophosphate close to the
chlorosomal membranes. It is possible that the concentration
of farnesyl pyrophosphate would be below the level required for
the attachment of this isoprenoid substrate to BChlide a at a
significant rate in Cba. tepidum cells. Farnesyl pyrophosphate is
majorly utilized in BChl ¢ biosynthesis by BchK. Thus, it is
possible that BchK has a higher affinity for farnesyl
pyrophosphate and faster velocity of BChl ¢ synthesis, as
well, resulting in keeping the concentration of farnesyl
pyrophosphate low in cells. One other is the potential
instability of photosynthetic proteins that possess BChl ag in
vivo. It was reported that BChl agg accumulated in Cba.
tepidum instead of BChl ap by insertional inactivation of the
bchP gene;sg”54 however, the amount of FMO proteins (situated
between chlorosomes and reaction center complexes in Cba.
tepidum) in the bchP-deleted cells decreased, and the variant
FMO protein containing BChl agg was thermally less stable
than the wild-type protein with BChl ap.>> The substitution of
BChl ap with BChl agg was also reported to decrease the
amount of LH2 proteins carrying BChl a in purple photo-
synthetic bacterium Rba. sphaeroides, probably because of the
instability of LH2 that binds BChl a¢ instead of BChl ap.”*%*”
These imply that BChl ap—protein complexes are degraded in
vivo because of their instability induced by the substitution of
the esterifying group in BChl a. It should be noted that the
possibility of discrimination of BChls a esterified with different
alcohols by photosynthetic apparatus cannot be ruled out.
Other reasons such as the Gparticipation of subsidiary pigment-
binding carrier proteins®* " might be taken into consideration
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to tackle this enigma. The discrepancy between the in vitro
loose specificity of isoprenoid moieties of BChl a synthases and
no accumulation of BChl ap in vivo will be a clue in
understanding biosynthesis of chlorophyllous pigments and
regulation of their amounts and localization in green photo-
synthetic bacteria.

B CONCLUSION

This study clearly verifies that tepBchG is the enzymatic
catalyst of condensation of the isoprenoid moiety with the 17>
carboxy group of BChlide a in Cba. tepidum and cannot use
BChlide ¢ and Chlide a as substrates. In contrast to the
specificity for (B)Chlide substrates, both tepBchG and
sphBchG can attach not only a geranylgeranyl chain but also
a shorter farnesyl chain to BChlide a. The enzymatic activity of
tepBchG will be useful for the elucidation of mechanisms of
biosynthesis of (B)Chls and regulation of their amounts in Cba.
tepidum.
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