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The chlorophyll synthase gene from oat (Avena sativa)
was cloned and expressed in Escherichia coli. The de-
duced amino acid sequence consists of 378 amino
acids including a presequence of 46 amino acids. Dele-
tion mutants show that a core protein comprising
amino acid residues 88 to 377 is enzymatically active.
The sequence of the mature protein shows 85% identi-
ty with the chlorophyll synthase of Arabidopsis
thaliana and 62% identity with the chlorophyll syn-
thase of Synechocystis PCC 6803. The gene is consti-
tutively expressed as the same transcript level is found
in dark-grown and in light-grown seedlings. The en-
zyme requires magnesium ions for activity; man-
ganese ions can reconstitute only part of the activity.
Diacetyl and N-phenylmaleimide (NPM) inhibit the en-
zyme activity. Site-directed mutagenesis reveals that,
out of the 4 Arg residues present in the active core pro-
tein, Arg-91 and Arg-161 are essential for the activity.
Five cysteine residues are present in the core protein,
of which only Cys-109 is essential for the enzyme activ-
ity. Since the wild-type and all other Cys-mutants with
the exception of the mutant C304A are inhibited by N-
phenylmaleimide, we conclude that the inhibitor binds
to a non-essential Cys residue to abolish activity. The
role of the various Arg and Cys residues is discussed.
Key words: Chlorophyll biosynthesis/Diacetyl/
N-Phenylmaleimide/Prenylation reaction/Site-directed
mutagenesis.

Introduction

The last step of chlorophyll (Chl) biosynthesis is the intro-
duction of the tetraprenyl (phytyl or geranylgeranyl) side
chain, catalyzed by the enzyme chlorophyll synthase. The
activity of chlorophyll synthase was originally detected in
etioplast membranes of Avena sativa L. (Rudiger et al.,
1980), and several investigations were performed with this
plant material (Benzetal., 1980, 1981, 1983; Schoch et al.,
1980; Benz and Rudiger, 1981a, b; Lutz et al., 1981; Hel-
frich and Rudiger, 1992; Helfrich et al., 1994). The enzyme
showed a higher activity with geranylgeranyldiphosphate

(GGPP) than with phytyldiphosphate (PhyPP), and the free
alcohol geranylgeraniol was also accepted when ATP was
added. The enzyme of spinach chloroplasts was shown to
be exclusively located in the thylakoid membrane (Soll et
al., 1983). However, it was not clear whether only a single
chlorophyll synthase was present in the etioplast mem-
brane preparation and whether additional enzymes con-
tributed to the observed activities.

Beyond the role of an enzyme, chlorophyll synthase
has a regulatory or channeling function. This function was
demonstrated by in vitro translation experiments with
plastid preparations. The Chl-binding proteins (P700,
CP43, CP47, D1) accumulate only if Chl is synthesized de
novo via the chlorophyll synthase reaction in the transla-
tion mixture (Eichacker et al., 1990, 1992; Kim et al.,
1994). No accumulation was observed if Chl itself was
added to the translation mixture (L. Eichacker, personal
communication). The most probable explanation is the di-
rect transfer of Chl from chlorophyll synthase to the nas-
cent peptide chains of Chl a-binding proteins resulting in
their stabilization (Eichacker et al., 1996). It is also known
that in the absence of Chl both nuclear and plastid encod-
ed Chl-binding proteins do not accumulate but are prote-
olytically degraded (Bennett, 1981; Klein et al. 1988).

The activity and substrate specificity of chlorophyll syn-
thase was subsequently demonstrated with the recombi-
nant enzymes from Rhodobacter capsulatus, Syne-
chocystis sp. PCC6803 (Oster et al., 1997) and
Arabidopsis thaliana (Oster and Rudiger, 1997). The re-
ports indicated a resemblance of the Synechocystis en-
zyme with chlorophyll synthase from green plants and of
the Arabidopsis enzyme with chlorophyll synthase of etio-
lated plants. However, the results obtained with prokaryo-
tic and eukaryotic genes expressed in Escherichia coli can-
not directly be compared with previous results obtained
with membranes from spinach chloroplasts and from oat
etioplasts. We describe here the cloning and heterologous
expression of the Chl G gene from Avena sativa. The en-
zyme activity was compared with that of etioplast mem-
branes from A. sativa. Furthermore, kinetic, in vitro muta-
genesis and inhibitor studies allow drawing a first tentative
model for the enzyme mechanism of chlorophyll synthase.

Results

Cloning of the Chlorophyll Synthase Gene from
Avena sativa

The basis for the cloning of the chlorophyll synthase gene
was a cDNA preparation from 4 d old etiolated oat
seedlings. Conserved regions corresponding to amino
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acid residues 109 - 115 and 358 — 366 of the G4 sequence
of A. thaliana (Gaubier et al., 1995) were selected for PCR
amplification with suitable primers. With primers F1 and
R1 a 754 bp fragment was obtained. This fragment was
used for restriction with BamHlI yielding a 446 bp fragment
which served for the preparation of a probe for Northern
blot analysis (see below). Further primers were designed
according to the sequence of the 754 bp fragment. The
remaining parts of the sequence were amplified with suit-
able primers (see Material and Methods) according to the
RACE method (Frohmann et al., 1988; Rashtchian et al.,
1992). The complete sequence (1428 bp) containing the
coding region (bp 1-1137) was then amplified by PCR
with sequence-specific primers. The sequence has been
deposited in the EMBL database with the accession num-
ber AJ 277210. The deduced amino acid sequence of the

cloned gene contains a typical transit sequence for import
into plastids. According to the program ChloroP
(Emanuelsson et al., 1999), the transit sequence includes
amino acid residues 1-46. It contains the conserved
dipeptide Met-Ala and a large number of Ser residues (10
out of 46; von Heijne et al., 1989), and the sequence
around the putative cleavage site Val-Val-Cys | Ala agrees
with the semi-conserved motif (lle/Val)-X-(Ala/Cys)|Ala
(Gavel and von Heijne, 1990). Furthermore, three Arg
residues are present in positions minus 7 to 9. Positive
charges are found in the C-terminal part of many, but not
all chloroplast transit sequences (von Heijne and
Nishikawa, 1991; Keegstra and von Heijne, 1992). If not
stated otherwise, the enzyme reactions described in the
following sections were performed with the recombinant
chlorophyll synthase including the presequence.
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Fig. 1 Alignment of the Derived Amino Acid Sequence of A. sativa with Published Chlorophyll and Bacteriochlorophyll Synthase Se-

quences.

Identical residues are boxed in black, similar residues are in grey. Regions forming transmembrane helices predicted by the program

HMMTOP are underlined.

Abbreviations: ASCS = Avena sativa, ATCS = Arabidopsis thaliana, SCS = Synechocystis PCC6803, RCBCS = Rhodobacter capsula-
tus, RSBCS = Rhodobacter sphaeroides, CABCS = Chloroflexus aurantiacus, HMBCS = Heliobacillus mobilis.
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Table 1 Comparison of Chlorophyll Synthases from Avena sativa L. with the
Known Chlorophyll Synthases, Expressed as % Sequence Identity and Similarity,
Respectively.
Plant material Gene Mature protein  Core protein

AA47-378 AA88-378

Identity Identity ~ Similarity
Arabidopsis thaliana G4 (chlG) 85 87 93
Synechocystis PCC6803 chlG 62 67 80
Heliobacillus mobilis bchG 36 36 59
Chloroflexus aurantiacus bchG 36 43 67
Chloroflexus aurantiacus bchG2 33 34 58
Rhodobacter capsulatus bchG 33 34 53
Rhodobacter sphaeroides  bchG 31 32 54

Relative amounts of RNA(%)

0051 2 4 6 L
Light (h}

0051 2 4 8 L

0051 2 4 6 L

Fig. 2 Northern Blot Analysis of the Chlorophyll Synthase
Transcript from 3 (A), 4 (B) and 5 (C) Day Old Oat Seedlings.
The seedlings were grown in darkness and analyzed after expo-
sure to white light for 0.5-6 h as indicated. The non-irradiated
control is labeled 0 h, and the label L refers to seedlings grown in
continuous light for 3—5 days. All values are based on the non-
irradiated controls (= 100%).

Activity
100 %

46 %

Fig. 3 Deletion Mutants of Chlorophyll Synthase and Their En-
zymatic Activity.

The N- and C-terminal residues of each fragment are given to-
gether with the percentage of enzyme activity in relation to the
wild type.

The sequence of the putative mature protein (amino
acid residues 47 —378) shows a high degree of identity to
chlorophyll synthases from A. thaliana (85%) and Syne-
chocystis PCC 6803 (62%), and to various bacterio-
chlorophyll synthases (31-36%; Figure 1 and Table 1).

Prediction of the secondary structure using the program
HMMTOP  (http://www.enzim.hu/hmmtop.server/hmm-
top.cgi) revealed 9 membrane-spanning helices for all
enzymes as shown in Figure 1.

The same procedure was used to isolate a chlorophyll
synthase gene from green plants. With a cDNA prepara-
tion from 4 d old light-grown barley seedlings, the ob-
tained sequence proved to be identical with the se-
quence obtained from etiolated plants. These results
agree with those of Gaubier et al. (1995) who found by
Southern and Northern blot analysis that the chlorophyll
synthase sequence represents a single-copy gene in A.
thaliana. To test further whether different amounts of
chlorophyll synthase can be detected in etiolated and
green plants, Northern and dot blot analyses of etiolated
greening and fully green oat seedlings were performed.
As shown in Figure 2, the gene is constitutively ex-
pressed in etiolated and green oat seedlings, and no
change in transcript levels is observable upon a shift from
darkness to light (Figure 2).

A Core Protein Is Enzymatically Active

As expected, deletion of the presequence yielded a pro-
tein with full activity since this matched the sequence of
the mature enzyme. Even further deletion of the N-termi-
nus including amino acid residues 1-87 resulted in a
‘core protein’ that was still enzymatically active. Howev-
er, the next residue, W88, was essential for activity: dele-
tion of the 88 N-terminal residues yielded a protein with-
out enzymatic activity. At the C-terminus, only one
residue (H378) could be deleted without loss of activity,
while deletion of S377 together with H378, and all short-
er sequences showed no activity. Interestingly, the length
of the sequence seems to be the crucial point since the
mutant S377A was enzymatically active. The deletions
are indicated in Figure 3.

Metal lon Requirement and Kinetics

Most polyprenyl transferases require Mg?* or other diva-
lent ions for their activity. Here we tested this requirement



906 H.C.Schmidetal.

Table 2 Metal lon Requirement of Chlorophyll Synthase from
A. sativa.

Treatment Chlorophyll synthase activity (%)

Without EDTA treatment 100
Pretreated with 100 mm EDTA 2

4 mm MgCl, 95
4 mm MnCl, 31
4 mm ZnCl, 14
4 mm CaCl, 2

Recombinant chlorophyll synthase from Avena sativa was incu-
bated at 29 °C with 50 mm HEPES-buffer (pH 8.8) containing 4
pM Chlide and 350 um GGPP. The enzyme activity of the protein
suspension without any further treatments refers to 100%. Be-
fore the enzyme assay the protein suspension was treated with
100 mm EDTA for 30 min. The EDTA was removed through three
washing steps.

with the recombinant enzyme from Avena sativa. We did
not find any reduction in the activity if Mgt was omitted
from the reaction buffer and equimolar concentrations of
EDTA were added instead. However, washing of the
membrane preparation with a high concentration of EDTA
reduced the activity of chlorophyll synthase dramatically
(Table 2). The activity was restored with Mg?*, to a small
extent also with Mn2* or Zn?*, but not with Ca?* (Table 2).
We conclude that Mg?* is essential for the reaction and
that it is firmly bound to chlorophyll synthase so that high
EDTA concentrations are required to remove the metal
from the enzyme.

Etioplast membrane preparations accepted not only
the diphosphates GGPP and PhyPP for the chlorophyll
synthase reaction, but also the monophosphates GGMP
and PhyMP and the non-phosphorylated alcohols ger-
anylgeraniol and phytol, if ATP was present in the assay
(Rudiger et al., 1980). The recombinant enzyme did not
accept the free alcohols even with a large excess of ATP
in the assay. Therefore we conclude that etioplasts con-
tain a specific kinase, which is not present in the bacteri-
al lysate. However, the recombinant enzyme did catalyze
the esterification of Chlide with GGMP, but the product
yield was only 50-60% of the yield with GGPP irrespec-
tive of the presence or absence of ATP.

Upon separate incubation with the recombinant en-
zyme from A. sativa, GGPP reacted faster than PhyPP at
the beginning (data not shown) in accordance with previ-
ous data obtained with the recombinant enzyme from
Arabidopsis thaliana (Oster and Rudiger, 1997). However,
higher esterification was found with PhyPP than with
GGPP upon prolonged incubation (data not shown). This
became even more evident in the kinetics with a mixture
of PhyPP and GGPP (Figure 4): while the absolute values
for the pigment esterified with each of the alcohol moi-
eties steadily increased, the percentage of Chlgg pre-
dominated at the beginning (1 -15 min) and the percent-
age of Chlpy,, predominated later (15-180 min). Control
experiments revealed that the enzyme did not catalyse
transesterification of Chlgg to Chlgy,, thus the observa-
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Fig. 4 Esterification of Chlorophyllide a with Geranylgeranyl
Diphosphate (White Columns) and Phytyl Diphosphate (Black
Columns).

The triangle indicates total esterification. Note the change in the
scale of the reaction time.

tion must indicate a change of incorporation rates of the
same enzyme for GGPP and PhyPP.

Essential and Non-Essential Arginine and Cysteine
Residues

Specific inhibitors have often been used to identify es-
sential amino acid residues of enzymes. Inactivation of
liver prenyl transferase upon incubation with phenylgly-
oxal was interpreted by the presence of essential Arg
residues (Barnard and Popjak, 1980). We tested the pos-
sible involvement of arginine and cysteine residues in the
prenylation of Chlide with diacetyl and N-phenyl-
maleimide (NPM), respectively. The reaction conditions
allowed esterification of 0.6 —0.7 nmol Chlide with GGPP
within the standard reaction time of 45 min (= control,
100%). First the enzyme of etioplast membranes was
tested with the inhibitors. Significant inhibition was found
after preincubation with 4 mm NPM or 34 mm diacetyl
(Figure 5A). The same results with the recombinant en-
zyme confirmed that the native and recombinant enzyme
showed identical behaviour. The effects of the inhibitors
were then investigated in more detail with the recombi-
nant enzyme (Figure 5B). Inhibition could be observed
much faster with diacetyl than with NPM. A plateau with
10-20% residual activity was reached after a preincuba-
tion of 30 min. Longer preincubation resulted only in a
very slow further decrease of activity. In subsequent ex-
periments, the standard test for inhibition involved prein-
cubation with the inhibitors for 30 min.

Since the specificity of the inhibitors for certain amino
acids can be questioned, a more convincing approach to
detect essential amino acid residues makes use of site-
directed mutagenesis. This method con only be applied
to the recombinant enzyme. The core protein (see Figure
3) contains 4 Arg and 5 Cys residues. We mutated each of
these residues to Ala and tested the activity of the mutat-
ed enzyme without and with the corresponding inhibitor.

Two of the four Arg residues proved to be essential for
chlorophyll synthase activity, as the mutants R91A and
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Fig. 5 Inhibition of Chlorophyll Synthase Activity by N-Phenyl-
maleimide (NPM) and Diacetyl.

(A) Etioplast membranes were preincubated with the inhibitors
as indicated for 30 min, and the enzyme activity was determined
in comparison to the control preincubated with buffer. (B) The re-
combinant enzyme was preincubated for the indicated period of
time with buffer (solid line), NPM (dashed line), and diacetyl (dot-
ted line). The enzyme activity was determined at the time points
indicated by crosses.

R161A did not retain any trace of activity. Some activity
(about 25% of the wild type) was still found in the mutant
R151A, and the mutant R284A exhibited wild-type activ-
ity (Figure 6A). Preincubation with diacetyl reduced the
activity of the mutants R151A and R284A, indicating that
either both or one of the residues not mutated in these
experiments, R91 and/or R161, must be the essential
point of attack of diacetyl.

Inhibition of enzymes by thiol-specific reagents has
very often been taken as an evidence for the involvement
of cysteine residues in the enzymatic reaction. However,
such an assumption was not supported by subsequent
experiments with chlorophyll synthase. Only one Cys
residue of the 5 Cys residues present in the enzyme from
A. sativa is conserved in all known chlorophyll synthase
sequences (Figure 1). We found that the recombinant
bacteriochlorophyll synthase from Chloroflexus aurantia-
cus, which contains the conserved Cys and only one ad-
ditional Cys in the sequence (Figure 1), was not inhibited
by NPM under the standard conditions (data not shown).
Thus the inhibition of the enzyme from A. sativa must be
due to the reaction of NPM with one or more of the other
non-conserved Cys residues.

For a more detailed investigation of the NPM effect,
point mutations were constructed for all Cys residues
and the enzyme activity of the recombinant mutated en-
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Fig. 6 Activity of Mutated Chlorophyll Synthases with and
without Inhibitors.

(A) Arginine residues of the core region were mutated to alanin,
and the resulting mutated enzymes were tested in the absence
(grey) and presence (black) of 34 mm diacetyl.

(B) Cysteine residues were mutated to alanine, and the resulting
mutated enzymes were tested in the absence (grey) and pres-
ence (black) of 4 mm N-phenylmaleimide.

(C) The recombinant enzyme (wild type) was preincubated for 30
min with either NPM, 360 um PhyPP and NPM, or 6 pm Zn Phei-
de and NPM. Only PhyPP abolished inhibition by NPM.

zymes was tested without and with NPM. As shown in
Figure 6B, only some of the results matched the expecta-
tion. The mutant C109A, in which the only conserved Cys
residue was substituted by Ala, exhibited nearly no en-
zyme activity. Nevertheless, NPM treatment resulted in
an additional decrease of activity. The mutant C130A
showed reduced activity and sensitivity to NPM, the mu-
tants C137A and C262A were not impaired in their en-
zyme activity and showed the same inhibition by NPM as
the wild-type. Surprisingly, NPM did not inhibit the activ-
ity of the mutant C304A. The activity with or without NPM
was as high as that of the wild-type control without NPM.
This finding leads to two conclusions: the thiol-group of
Cys-304 is not essential for the reaction since the activity
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of the mutant C304A is as high as that of the wild type.
The presence of the thiol-group of Cys-304 is the pre-
condition for inhibition of the enzyme activity by NPM. To
test whether the inhibition by NPM involved specifically
the binding of one of the substrates, the inhibitor was
appplied together with saturating concentrations of ei-
ther substrate (Figure 6C). Zn Pheide did not protect the
enzyme against inhibition by NPM, but PhyPP was able
to reduce the inhibition.

Discussion

Gene sequences and the derived amino acid sequences
of bacteriochlorophyll synthases and chlorophyll syn-
thases have so far been described for several pho-
totrophic bacteria and the dicotyledonous plant Ara-
bidopsis thaliana (see Table 1). We describe here the first
chlorophyll synthase sequence from a monocotyledo-
nous plant. The high degree of similarity between such
distant organisms as Avena sativa and Synechocystis
(62% identity) indicates that there must have been re-
strictions to sequence variation during evolution. Such
restrictions can indicate that the particular sequence is
required for the functionality of the enzyme. Binding of
two different amphiphilic substrates (chlorophyllide and
PhyPP), probably entering the active site from the stro-
mal side, and their reaction to the lipophilic product Chl,
which is probably released to the membrane phase, may
require a well-defined spatial structure, which in turn de-
pends on the amino acid sequence.

Nine membrane-spanning helices were predicted for
chlorophyll a and bacteriochlorophyll synthases using
the program HMMTOP. The predicted structure seems to
be similar to the ‘terpenoid synthase fold’, normally form-
ing a large central cavity by 10 helices containing the
conserved aspartate-rich motifs (Wang and Ohnuma,
1999). Using the program PEPPLOT, Lopez et al. (1996)
predicted 8 membrane-spanning helices for bacteri-
ochlorophyll synthase from Chloroflexus aurantiacus.
Their program predicts only 6 membrane-spanning he-
lices for chlorophyll synthases. Taking into account the
high degree of similarity in the amino acid sequences and
in the enzymatic reaction, we consider such a large dif-
ference in the secondary structure to be unlikely.

The failure to find a second chlorophyll synthase gene
prompted us to reinvestigate the substrate binding speci-
ficity with GGPP and PhyPP. In etioplasts and chloroplas-
ts, PhyPP and GGPP gave indistinguishable results when
they were applied at saturating concentration and when
only the end point of the chlorophyll synthase reaction
was analysed. Differences were found when either both
substrates were mixed and reacted in competition (Rudi-
ger et al., 1980) or when the kinetics of the reaction was
analysed (Soll et al., 1983). Under both conditions, the re-
combinant enzyme from A. sativa reacts faster with
GGPP than with PhyPP at the beginning, indicating a
preference for GGPP at short reaction periods. In con-

trast, the final product yield is higher with PhyPP than
with GGPP, indicating a preference for PhyPP if only long
reaction periods are analysed. Since the reaction time
varies with the substrate:enzyme ratio, such variation of
the reaction conditions can simulate different ‘prefer-
ences’ with one and the same enzyme. Thus the appar-
ent differences found with the substrates PhyPP and
GGPP cannot be taken as a criterion for the existence of
different chlorophyll synthases.

Protein prenylation by farnesyl or geranylgeranyl
residues is well known (Gelb et al., 1998). Several func-
tions have been assigned to prenylated proteins, ranging
from fungal mating factors and mammalian lamin which
is essential for the structure of the nuclear envelope, to
Ras and Rab proteins which are involved in intracellular
signaling and vesicle trafficking, respectively. The site of
prenylation is a Cys residue at or close to the C-terminus
in most of these proteins. There is no Cys residue close to
the C-terminus in chlorophyll synthase. If Cys is consid-
ered as a possible binding site for the phytyl or geranyl-
geranyl residue in chlorophyll synthase, it could only be
the Cys at position 109. This Cys is conserved in all
known chlorophyll and bacteriochlorophyll synthases,
and the mutant C109A was nearly devoid of activity. It
should be kept in mind, however, that the function of
chlorophyll synthase is the transfer of the polyprenyl
residue to the second substrate Chlide, while the hitherto
described prenyl proteins are permanently modified at
the Cys residue. However, we cannot exclude the possi-
bility that chlorophyll synthases react not only with the
polyprenyl residue to be transferred to Chlide but also
with an additional polyprenyl residue under permanent
modification, and that this modification is necessary for
activity. An alternative function for the essential Cys-109
of chlorophyll synthase could be the stabilization of the
active conformation of the enzyme. Most likely, such sta-
bilization does not occur via a disulfide bridge in this case
because the enzyme does not contain the counterpart,
i. e. a second essential Cys residue. Interestingly, inhibi-
tion of the enzyme activity by NPM occurs via reaction
with Cys-304 which is not essential. Since only PhyPP
(and not Zn Pheide) counteracts the inhibition, we con-
clude that reaction of Cys-304 with the bulky NPM leads
to a steric hindrance of PhyPP binding.

Lopez et al. (1996) pointed out that bacteriochlorophyll
and chlorophyll synthases belong to the family of
polyprenyltransferases and that a homologous region
(‘domain II') has been suggested to be the binding site of
the polyprenyl PP. In the sequence of A. sativa, this region
includes the residues 138 to 160. Two possibilities have
been discussed for interaction of the negatively charged
phosphates of polyprenyl diphosphates with the active
center of polyprenyl transferases, either R and K residues
as counterions (Kral et al., 1997) or acidic groups of a
DDXXD motif via complexed Mg?* ions (Tarshis et al.,
1996; Wang and Ohnuma, 1999). Indirect evidence pre-
sented in this paper shows that both possibilities apply
also for chlorophyll synthase.



The similar motif DRXXD occurs in the domain Il ho-
molog of bacteriochlorophyll synthase (Lopez et al.,
1996). The alignment (Figure 1) reveals that the same mo-
tif is present in chlorophyll synthase from A. sativa start-
ing with D150, and an overlapping motif NDXXD within
the same domain starting with N146. Lopez et al. (1996)
stated correctly that the requirement of chlorophyll syn-
thases for Mg?* or other divalent cations has not explicit-
ly been investigated. We found now that the enzyme from
A. sativa requires Mg?* ions, which cannot be substituted
by other divalent ions for full activity.

Point mutations (see Figure 6A) revealed essential Arg
residues also in chlorophyll synthase. Interactions of Arg
and Lys residues with the phosphate groups of farne-
syldiphosphate were shown by X-ray analysis of the crys-
tal structure and by site-directed mutagenesis of human
farnesyl: protein transferase (Kral et al., 1997; Park et al.,
1997, Long et al., 1998). On the basis of the crystal struc-
ture of farnesyldiphosphate synthase, two Arg residues
were discussed either for binding the allylic diphosphate
during catalysis or for pulling the diphosphate residue af-
ter lysis out of the active site (Tarshis et al., 1996). In the
absence of precise structural information, we can only
speculate about the function of essential Arg residues in
chlorophyll synthase. Arg-161, one of the two essential
Arg residues of chlorophyll synthase, is located directly at
the end of the presumed prenyl binding site and is thus a
candidate for the correct binding of PhyPP or GGPP. The
other essential residue, Arg-91, could well be important
for interaction with the diphosphate after lysis, but other
functions cannot be excluded at this time.

Materials and Methods

Plant Material

Seedlings of Avena sativa L. cv Pirol (Baywa, Munchen, Ger-
many) were grown on moist vermiculite at 23 °C either in a dark
room or under continuous white light (32 W m) for 3, 4, and 5
days. Some batches of seedlings were harvested directly. Other
batches of the dark-grown seedlings were then placed under
white light for the indicated period of time (0.5, 1, 2, 4, 8 h) before
harvest. The coleoptiles were removed, the primary leaves
(100-800 mg fresh weight per batch) were cut, immediately
frozen in liquid nitrogen, and stored at -80 °C until use. Etioplas-
ts were prepared from 8 day old etiolated oat seedlings accord-
ing to Klement et al. (1999). The plastids were broken through
several freezing-thawing cycles. For the enzyme assay 1 mg of
total protein was taken.

Cloning of the Chlorophyll Synthase Gene

Double-stranded cDNA was prepared according to Sambrook et
al. (1989) from poly(A)-RNA which was isolated from 4 d old eti-
olated oat seedlings. With the forward primer F1 (5-GGCCTC-
CACT)T(ACTG)GTTTGGGG-3) and the reverse primer R1 (5™
CCAAGAATGGCTGCGCGCTTGCCTG-3)), a 754 bp fragment of
the coding region of chlorophyll synthase was obtained. The
missing parts upstream and downstream of this fragment
were then prepared with the RACE-PCR method (Frohmann
et al., 1988; Rashtchian et al., 1992) using sequence specific
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primers as follows: for the upstream part the forward primers
F2 (5-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3)
and F3 (5-GGCCACGCGTCGACTAGTAC-3) and the reverse
primers R2 (558-581, 5-CATATGTCTAACAAAGCACCCAAC-3)
and R3 (534-557, 5-CCAAGACCTCCTAACAATAATACC-3)),
for the downstream part the forward primers F4 (558-581,
5-GTTGGGTGCTTTGTTAGACATATG-3) and F5 (583-599,
5-GCAGGGCATGATTTTCC-3) and the reverse primers R4
(5"-GGCCACGCGTCGACTAGTAC(T)4,-3) and R5 (5-GGC-
CACGCGTCGACTAGTAC-3)). All PCRs were performed with the
following program: initial melting at 94 °C for 5 min, then 30 cy-
cles of 1 min melting at 92 °C, 1 min annealing (temperature de-
pending on the melting temperature of the primer pair) and 2 -4
min elongation. All fragments were cloned into the pCR-Script
vector (Stratagene, La Jolla, USA) and sequenced using
oligonucleotides priming in the T3/T7 promotor region. The full-
length sequence (1428 bp) was then obtained by PCR with the
sequence-specific primers F6 (5-TAGGTACCATGGCCACCTC-
CCACCT-3), which introduces an Ncol restriction site, and R6
(5'-CGCATAAGCTTCAAGGGGAAACAATTTG-3Y), which intro-
duces a TGA stop codon and a Hindlll restriction site. For the se-
quence from green plants, the primer R7 (5'-CGCATAAGCTC-
CAATATCGGAACAATC-3") was used instead of R6. The resulting
PCR fragment was cut with Ncol and Hindlll and ligated to the
vector pQE-60 (Qiagen, Hilden, Germany) which had been re-
stricted before with the same enzymes.

RNA Blotting and Hybridization

For Northern analysis, a probe was prepared from the 754 bp
fragment, cloned into the pCR-Script vector, by restriction with
BamHI, resulting in a fragment of 450 bp. This fragment was la-
belled with [*?P] by random priming (Feinberg and Vogelstein,
1983).

Total RNA was isolated as described by Paulsen and Bogorad
(1988) with the modifications introduced by Kittsteiner et al.
(1991). Samples containing the equal amounts of RNA were sub-
jected to electrophoresis and transferred to nitrocellulose. For
quantitation of the levels of chlorophyll synthase mRNA, aliquots
of the RNA solution and 1:3 dilutions were loaded into a slot blot
apparatus (Minifold Il, Schleicher and Schuell). Washing, prehy-
bridisation and hybridisation were performed as described by
Paulsen and Bogorad (1988).

In Vitro Mutagenesis

Mutagenesis was performed according to the ‘quickchange’
site-directed mutagenesis protocol (Stratagene, La Jolla, USA)
using Pwo polymerases (Peglab, Erlangen, Germany) and the re-
striction enzyme Dpnl (NEB, Schwalbach). The mutated plas-
mids were transformed into E. coli XL1 Blue cells by electropo-
ration (EasyJect Prima, Peqglab). The transformants were grown
on LB medium containing ampicillin (100 pg/ml). After verifica-
tion by restriction analysis and sequencing, the mutated plas-
mids were transformed into cells of the E. coli strain SG13009
(Qiagen), and the transformants were grown on agar plates con-
taining 2.5% trypton/pepton, 1.5% yeast extract, 0.6% NaCl,
ampicillin (100 pg/ml) and kanamycin (25 pg/ml). The expression
was performed at room temperature. At an ODg,,=0.6 protein
expression was induced by 0.3 mm IPTG and were grown for an-
other 4 h.

Enzyme Assay

The induced bacterial cells (containing 250 — 300 mg of total pro-
tein per batch grown in 500 ml of medium) were harvested by
centrifugation (6000 g for 15 min), washed with 15 ml 50 mm
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HEPES (pH 8.0), and broken after adding lysozyme (300 pg) and
DNase | (300 pg) (final volume 3 ml) by several cycles of freezing
and thawing. Aliquots of the suspension containing 3 mg total
protein were used directly for the enzyme reaction in most ex-
periments. In some experiments, the suspension was preincu-
bated with one of the inhibitors diacetyl or N-phenylmaleimide
for 30 min at room temperature. To investigate the role of Mg?*
for the enzymatic reaction, Mg?* was removed. In this case, the
cell fragments were pelleted at 16 000 g and incubated with 50
mm HEPES (pH 8.0) containing 100 mm EDTA for 30 min, pellet-
ed again and washed 4 times with 50 mm HEPES (pH 8.0). The
EDTA-treated membrane samples were then incubated for 30
min with 4 mm of various salts (MgCl,, MnCl,, ZnCl,, CaCl,) in 50
mm HEPES (pH 8.0) and subsequently used for the enzyme test
(see Table 2).

Aliquots of the bacterial lysate or the pretreated membranes
(containing 3 mg of total protein) or the broken etioplasts were
mixed with 90 nmol GGPP and 50 mm HEPES (pH 8.0) to a total
volume of 240 pl. The reaction was started under dim-green
safelight by addition of 1 nmol chlorophyllide a (Chlide) (if not
stated otherwise) dissolved in 10 pl acetone. After incubation for
45 min at 29 °C, the reaction was stopped by addition of 750 pl
acetone, and the precipitated protein was removed through cen-
trifugation. After addition of 40 pl 100 mm Na,COj,, the clear su-
pernatant was used to quantitate the esterified Chl by phase
separation as previously described (Helfrich et al., 1994).
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