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algae and serve as highly valued chemical feedstocks.

coccene are identified.

B. braunii are reported.
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(Bacl(ground: Botryococcus braunii accumulates high levels of methylated triterpenes that contribute to the buoyancy of the
Results: AdoMet-dependent methyltransferases catalyzing successive and regio-specific methylations of squalene or botryo-

Conclusion: Methylation of squalene and botryococcene requires distinct methyltransferases.
Significance: Substrate selectivity and successive cycles of regio-specific catalysis by triterpene methyltransferases from
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Botryococcus braunii race B is a colony-forming, green algae
that accumulates triterpene oils in excess of 30% of its dry
weight. The composition of the triterpene oils is dominated by
dimethylated to tetramethylated forms of botryococcene and
squalene. Although unusual mechanisms for the biosynthesis of
botryococcene and squalene were recently described, the
enzyme(s) responsible for decorating these triterpene scaffolds
with methyl substituents were unknown. A transcriptome of
B. braunii was screened computationally assuming that the trit-
erpene methyltransferases (TMTs) might resemble the S-ad-
enosyl methionine-dependent enzymes described for methylat-
ing the side chain of sterols. Six sterol methyltransferase-like
genes were isolated and functionally characterized. Three of
these genes when co-expressed in yeast with complementary
squalene synthase or botryococcene synthase expression cas-
settes resulted in the accumulation of mono- and dimethy-
lated forms of both triterpene scaffolds. Surprisingly, TMT-1
and TMT-2 exhibited preference for squalene as the methyl
acceptor substrate, whereas TMT-3 showed a striking prefer-
ence for botryococcene as its methyl acceptor substrate.
These in vivo preferences were confirmed with in vitro assays
utilizing microsomal preparations from yeast overexpressing
the respective genes, which encode for membrane-associated
enzymes. Structural examination of the in vivo yeast gener-
ated mono- and dimethylated products by NMR identified
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terminal carbons, C-3 and C-22/C-20, as the atomic acceptor
sites for the methyl additions to squalene and botryococcene,
respectively. These sites are identical to those previously
reported for the triterpenes extracted from the algae. The
availability of closely related triterpene methyltransferases
exhibiting distinct substrate selectivity and successive cata-
lytic activities provides important tools for investigating the
molecular mechanisms responsible for the specificities
exhibited by these unique enzymes.

Botryococcus braunii is a colony-forming, freshwater green
algae that has attracted considerable interest because it report-
edly accumulates hydrocarbon oils from 30 to 86% (1) of its dry
weight and because these oils are considered progenitors to oil
and coal shale deposits (2—4). Although all B. braunii are mor-
phologically similar, three distinct chemotypes of B. braunii
have been reported depending on the type of hydrocarbons
each accumulates (5). Race A accumulates fatty acid-derived
alkadienes and alkatrienes (6); race L accumulates the tetrater-
pene lycopadiene (7); and race B amasses the linear triterpenes,
botryococcene, squalene, and their methylated derivatives (8).
Di- and tetramethylated botryococcenes are generally the most
abundant oils accumulating in race B (9). However, lower
amounts of tetramethylated squalene (10) and variable
amounts of other structural derivatives of botryococcene rang-
ing from C;; to C,, accumulate to various levels in different
race B strains and in response to variable culture conditions (9,
11). The oils accumulate both in intracellular oil bodies and in
association with an extracellular matrix (12), which in race B
consists mainly of long-chain, cross-linked polyacetals formed
in large part from acetalization of polymethylsqualene diols
that account for ~10% of the dry weight (13). Other polymeth-
ylsqualene derivatives have been described in race B, such as
diepoxy-tetramethylsqualene (14), botryolins (15), and braun-
ixanthins (16). The linear triterpenes, botryococcene, squalene,
and their methylated derivatives, are hence common compo-
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nents of B. braunii race B and make up a large proportion of its
total biomass.

A unique mechanism for botryococcene biosynthesis was
recently described by Niehaus et al. (17), in which two squalene
synthase-like (SSL)® enzymes perform the successive half-reac-
tions that are normally catalyzed by a single enzyme in the case
of squalene synthase. SSL-1 uses farnesyl diphosphate as a sub-
strate to catalyze the production of pre-squalene diphosphate,
which a second enzyme, SSL-3, converts to botryococcene in an
NADPH-dependent manner. A third enzyme, SSL-2, catalyzes
the biosynthesis of squalene from pre-squalene diphosphate
produced by SSL-1 but cannot efficiently use farnesyl diphos-
phate as a substrate. Overall, it was suggested that the squalene
and botryococcene produced by the SSL enzymes were chan-
neled into the production of the liquid oils and the biosynthesis
of squalene derivatives (17), such as the extracellular matrix,
whereas the conventional B. braunii squalene synthase (18)
appears to synthesize squalene destined for sterol biosynthesis.

It is not botryococcene and squalene, however, that accumu-
late to substantial levels in this algae, but the methylated forms
of these triterpenes. For instance, although the liquid oil con-
tent of B. braunii race B is composed primarily of botryococ-
cenes, generally less than 1% is in the nonmethylated C,, form,
and the majority is dominated by dimethylated and tetramethy-
lated forms, depending on the strain and culture conditions (9,
19, 20). Essentially all the squalene that accumulates is in meth-
ylated forms, accumulating in the oil fraction (less than 5% of
the total 0il (21)) or incorporated into a variety of other B. brau-
nii natural products (13-16). Because B. braunii race B accu-
mulates 30% or more of its dry weight as these triterpene com-
ponents, we estimate that the methylated triterpenes can
account for over 25% of the total algal biomass dry weight and
contribute directly to the buoyancy that distinguishes these
algal colonies. Unlike many green algae that are flagellated and
phototaxic (22), the buoyancy characteristic of Botryococcus
provides a means for it to float in its normal aqueous habitats
and to intercept a greater amount of photosynthetic light. In
addition to this purported physiological role, the methylated
forms of botryococcene and squalene enhance their utility as
feedstocks for petrochemical processing and chemical manu-
facturing (23). For instance, the increased branching evident in
the methylated triterpenes improves their hydrocracking to
chemical species of value for the synthesis of industrial poly-
mers and other commodity-based chemicals (24) and yields
high quality gasoline, kerosene, and diesel fuels upon distilla-
tion (25).

Although the unique mechanisms for C,, botryococcene and
squalene biosynthesis in B. braunii have been elucidated (17),
the specific mechanism(s) by which these triterpenes are meth-
ylated was unknown. Small molecule methylation has been
extensively characterized for many diverse compounds and
typically consists of a methyltransferase (MT) that utilizes the
universal methyl donor S-adenosyl methionine (AdoMet), and
exhibits variable degrees of selectivity for a wide range of

3 The abbreviations used are: SSL, squalene synthase-like; MT, methyltrans-
ferase; TMT, triterpene methyltransferase; SMT, sterol methyltransferase;
BSS, Botryococcus squalene synthase; AdoMet, S-adenosyl methionine.
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methyl acceptor molecules (26, 27). MTs are also distinguished
as C-, O-, N-, S-, or halide methyltransferases, an indication of
the methylation target within the acceptor substrate (26).
Although MTs may only share limited overall amino acid
sequence similarities, domains responsible for AdoMet binding
appear to be broadly conserved (28), and highly conserved
structural folds have served to associate MT's into five distinct
structural classes (26). Most of the plant small molecule MTs
fall into structural Class 1, consisting of B-sheets sandwiched
between a-helices, and cluster phylogenetically on the basis of
the chemical class of the methyl acceptor and the methylation
target site (i.e. C-, O-, or N-methylation) (27, 29, 30). There are,
of course, important exceptions to such clustering trends. An
indole alkaloid MT, for instance, shows closer sequence simi-
larity to tocopherol M Ts than to other alkaloid-specific N-MT's
(29). Clustering in this instance appears more related to the
evolutionary origins of the MT and the propensity of duplicated
MT genes to undergo neofunctionalization.

In the current work, we supposed that the methylation of
botryococcene and squalene up to their tetramethylated forms
could be catalyzed by a single, multifunctional MT or multiple
MT's with each responsible for one particular methylation in
the catalytic cascade of each triterpene. We also assumed that
because squalene and botryococcene are chemically and bio-
chemically related to sterols, the methylated forms of triter-
penes in B. braunii possibly arose within the same evolutionary
timeframe as sterols and the mechanisms for sterol biosynthe-
sis. Consequently, we searched for homologs of sterol MT's (31,
32) within a transcriptome of B. braunii and provide here the
first functional identification of several unique triterpene
C-methyltransferases.

EXPERIMENTAL PROCEDURES

Cloning SMT-like Genes—The triterpene methyltrans-
ferase-3 (TMT-3) was identified through a random sequencing
effort of expressed sequence tags using a B. braunii phage
c¢DNA library as described previously (17). Briefly, phages were
converted to their plasmid form using the mass excision proto-
col as described by the manufacturer (Stratagene), and ~500
individual colonies were randomly selected for automated
DNA sequencing using sequencing primers flanking the cDNA
insertion sites. Manually assembled cDNA sequences were
then screened against the National Center for Biotechnology
Information (NCBI) tBlastn search function across all available
databases, and TMT-3 was identified as exhibiting similarity to
C-24-sterol methyltransferase (SMT) genes. All other SMT-
like genes were identified in a B. braunii 454 transcriptomic
dataset as described previously (17). This dataset was screened
computationally using an NCBI BLAST search window with
the Chlamydomonas reinhardtii SMT-1 protein sequence
(EDP05221) and the Arabidopsis thaliana SMT-1 sequence
(AAG28462) as the queries, which led to the identification of six
full-length ORFs that were at least 42% identical and 59% sim-
ilar to C. reinhardtii SMT. Full sequence data are available from
GenBank (TMT-1, JN828962; TMT-2 JN828963; TMT-3,
JN828964; SMT-1, JN828965; SMT-2, JN828966; SMT-3,
JN828967).
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Primers flanked by the BamHI and NotI or EcoRI and NotI
restriction enzyme sites were designed to amplify each of the six
SMT-like genes from B.braunii mRNA, the amplification
products digested with the corresponding restriction enzymes,
and then ligated into the standard yeast expression vectors
YEp352-Ura or pESC-Leu (17). All constructs were verified by
DNA sequencing.

Yeast Expression Studies—Yeast strains previously developed
for high level accumulation of squalene and botryococcene
were used for evaluating the putative triterpene methyltrans-
ferase genes (17, 33, 34). Strain TN-7 was created by insertional
mutagenesis of the ERGI (squalene epoxidase) gene in the
Cali-7 yeast strain. CALI7-1 is a leu2, trpl, his3, ura3A,
erg9A:HIS3, sue, dppl derivative from the parental strain
ATCC 28383, which allows for sterol uptake under aerobic con-
ditions and farnesyl diphosphate accumulation (33, 34). The
TN-7 parental strain was transformed with expression vectors
containing either the full-length Botryococcus squalene syn-
thase (BSS) gene (18) or a fusion of the Botryococcus SSL-1 and
SSL-3 genes (functional equivalent of botryococcene synthase)
including a sequence encoding for the carboxyl-terminal mem-
brane-targeting domain of the Botryococcus squalene synthase
protein (SSL-1-3m) (17). The various methyltransferase
expression vectors were introduced into these two yeast strains
using the lithium acetate transformation protocol followed by
selection for complementation of the uracil and leucine auxo-
trophic growth markers (34). Transformants were confirmed to
possess the various expression vectors using colony PCR with
primers selective for the methyltransferase genes. Individual
colonies were subsequently grown in 30 ml of the appropriate
Yeast Synthetic Drop-out medium (selection) containing 5
mg/liter ergosterol for the indicated time at 30 °C before ana-
lyzing the cultures for production of novel triterpene compo-
nents. In brief, 1-ml aliquots of the culture were combined with
1 ml of acetone, mixed vigorously, and incubated at room tem-
perature for 10 min. One ml of hexane was added and mixed
vigorously for 60 s. The mixture was then centrifuged briefly at
500 X g to separate the phases, and an aliquot of the organic
phase (1-3 ul) was analyzed by GC-MS with a Varian CP-3800
GC coupled to a Varian Saturn 2200 MS/MS (Varian Medical
Systems) using a Supelco SLB-5ms fused silica capillary column
(30 m X 0.25 mm X 0.25-pum film thickness, Supelco). The
initial oven temperature was set at 220 °C for 1 min, ramped to
280 °C at 20 °C/min, and then ramped to 298 °C at 3 °C/min.

Purification of Mono- and Dimethylated Triterpenes—Yeast
lines containing the respective triterpene synthase and TMT
expression cassettes were grown in 1 liter of Yeast Synthetic
Drop-out medium containing 5 mg/liter ergosterol at 28 °C for
8 days, after which hexane extracts were prepared. The crude
extracts were then subject to HPLC separation on a Waters
2695 HPLC with a Waters 2996 photodiode array detector
(Waters Corp.) and a Develosil 60-3, 250 X 20-mm column
(Nomura Chemical), run in isocratic mode (100% #-hexane) at
8 ml/min. Under these conditions, C,, botryococcene, C;; bot-
ryococcene, Cs, squalene, and C;, squalene eluted at ~18, 22,
32, and 34 min, respectively. Repetitive chromatographic runs
afforded further purification of the various compounds.
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NMR of Methylated Triterpenes—"H and '*C NMR spectra
were recorded on a JEOL Alpha selector 600 NMR spectrome-
ter at 300 K. Chemical shifts were referenced relative to solvent
peaks, namely d;; 7.24 and d 77.1 for CDCl,. Each product was
identified as shown in Fig. 4 by reference to '*C chemical shifts
for botryococcenes and methylsqualenes reported previously
(10, 16, 20, 21, 35).

In Vitro Assays for Methyltransferase Activities—The various
B. braunii SMT-like genes or empty vector control were
expressed in TN-7 yeast and grown in 100 ml of selection
medium for 3 days, after which microsomes were prepared
according to the methods of Pompon et al. (36). Enzyme assays
contained 50 mm HEPES, pH 7.5, either 0.01% (TMT-3) or 0.1%
(all other samples) 1,2-dicaproyl-su-glycero-3-phosphocho-
line, the indicated amounts of acceptor substrate (botryococ-
cene, squalene, C,,-botryococcene, C,,-squalene, cycloartenol,
zymosterol, or lanosterol), 50 um [PH]AdoMet (~150 dpm/
pmol), 2 ul of microsomes (~2-4 ug of total protein), in a
100-ul total volume. Assays were set up by first combining
everything except [*H]AdoMet and microsomes and treating
with a sonicating water bath (Branson 2510) for ~1 min until
the solution became cloudy due to micelle formation, after
which [?)H]AdoMet and microsomes were added and the
reaction was incubated at 37 °C for 5 min. Reactions were
stopped by adding an equal volume of 10% (w/v) KOH in
methanol followed by extraction of hydrocarbon products
with 400 ul of #n-hexane. An aliquot of the organic phase was
spotted on silica TLC plates and developed with #n-hexane:
methyl tert-butyl ether (25:1). Triterpenes were visualized with
iodine vapor, and the corresponding zones were scraped and
subjected to scintillation counting.

The experiments performed to determine the enzyme kinet-
ics for TMT-1, -2, and -3 were slightly modified from the con-
ditions described above. First, squalene and botryococcene
were dissolved in isooctane, the appropriate amount was added
to reaction vials, and the isooctane was evaporated before dis-
solving the triterpene substrate by sonication with the respec-
tive reaction buffer described above. Second, the reactions were
incubated for 15 min rather than 5 min. The data were analyzed
using SigmaPlot Enzyme Kinetics 1.3 software.

Methyltransferase mRNA Levels in Botryococcus—Cultures
of B. braunii were grown under standard conditions for 3, 14,
and 28 days after inoculation into fresh medium, and aliquots of
algae were collected on nylon mesh, blotted dry, weighed, and
stored at —80 °C until further analyzed (17). Total RNA was
isolated using the RNeasy plant mini kit according to the
manufacturer’s directions (Qiagen). One ug of total RNA
was then used for first-strand cDNA synthesis using Super-
Script III (Invitrogen) according to the manufacturer’s rec-
ommendation. PCR reactions were set up with equal
amounts of the first-strand cDNA and primers (supplemen-
tal Table S1) specific for B. braunii TMT-1, TMT-2, TMT-3,
and B-tubulin using Ex-taq (Takara) according to the man-
ufacturer’s recommendation. PCR reactions were performed
for 20, 23, and 27 cycles, and equal aliquots were examined
by agarose gel electrophoresis.
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FIGURE 1. Amino acid alignment of the six sterol C-24 methyltransferase-like genes from B. braunii race B along with those of C. reinhardtii
(EDP05221) and A. thaliana (AAG28462). Conserved sterol-binding domains (SMT) and S-adenosyl methionine-binding domains (AdoMet) as identified by
(27) are boxed and labeled in blue or red, respectively. Cr, C. reinhardtii; At, A. thaliana.
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RESULTS

Identification of Triterpene Methyltransferase Candidate
Genes—We predicted that a methyltransferase that could act
on squalene or botryococcene might resemble a C-24 SMT
because these enzymes act on the linear side chain of sterols. A
B. braunii transcriptomic database (17) was screened compu-
tationally for cDNAs showing amino acid sequence similarities
to the A. thaliana and C. reinhardtii SMT-1 enzymes. The
BLAST search revealed six candidate genes that were greater
than 42% identical and 59% similar to the C. reinhardtii SMT-1
(Fig. 1). For comparison, the A. thaliana genome contains three
predicted SMT genes (37), and the C. reinhardtii genome con-
tains only one SMT gene (38). These particular genes appear
overrepresented in B. braunii when compared with other
plants and algae, and this observation enhanced the prospects
that these could be TMTs. Amino acid alignments revealed that
all six candidate genes share three conserved AdoMet-binding
sites as identified by Kagen and Clarke (28); however, the sterol-
binding domain SMT-2, which is invariant in all known plant
SMTs (31, 32), is absolutely conserved in three of the candidates
(SMT-1, -2, and -3), but not so in the other three (TMT-1, -2,
and -3) (Fig. 1). In contrast to other sterol methyltransferases
(31, 32), the B. braunii MTs possess distinct amino-terminal
hydrophobic regions within the first 50 amino acids indicative
that these proteins might not behave as soluble proteins but
rather might associate with membrane systems.

In Vivo Functional Characterization of MT Activities—To
screen the six candidates for TMT capabilities, we co-expressed
the various SMT-like genes in TN-7 yeast engineered with
either BSS or a construct in which SSL-1 and SSL-3 are fused
with a (GSGG), amino acid linker that also contains the 73
C-terminal amino acids of BSS fused to its C terminus (SSL-1—
3m). TN-7 yeast engineered with BSS or SSL-1-3m can accu-
mulate squalene or botryococcene, respectively, to levels above
100 mg/liter (supplemental Figs. S1 and 2, B and C). When
SMT-1, -2, or -3 were co-expressed with either BSS or SSL-1-
3m, no distinct products could be detected in organic extracts
by GC-MS analysis (data not shown); however, co-expression
of TMT-1, -2, or -3 all resulted in the accumulation of several
unique products (Fig. 2, D-I). Mass spectral analysis of the
unique peaks showed parent ions of 424 and 438 atomic mass
units (supplemental Fig. S2), suggesting mono- and dimethy-
lated triterpenes, respectively.

When TMT-1 was co-expressed with BSS, 63% of the total
squalenes accumulated as methyl derivatives with 43% accu-
mulating as dimethyl squalene (Figs. 2D and 3A). However,
when coexpressed with SSL-1-3m, only 3% of the total botryo-
coccenes accumulated as monomethyl botryococcene, and no
dimethyl botryococcene was detected (Figs. 2G and 3D). Simi-
larly, when TMT-2 was co-expressed with BSS, 40% of
squalenes accumulated as methyl derivatives with 31% accu-
mulating as monomethyl squalene (Figs. 2E and 3B). Only 2% of
total botryococcenes accumulated as monomethyl botryococ-
cene when co-expressed with SSL-1-3m (Fig. 2H and 3E).
When TMT-3 was co-expressed with BSS, ~18% of the total
accumulating squalene was converted to its methyl derivatives,
with 11% of that as monomethyl squalene (Figs. 2F and 3C).
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FIGURE 2. Functional characterization of B. braunii race B TMT genes.
Yeast expressing various combinations of triterpene synthase and TMTs were
grown in a shake flask for 5 days, and organic extracts were analyzed by
GC-MS (chromatograms shown). TMT genes were co-expressed with BSS
(squalene synthase) (TMT-1 (D), TMT-2 (E), and TMT-3 (F)) or with SSL-1-3m
(botryococcene synthase) (TMT-1(G), TMT-2 (H), and TMT-3 (/). Yeast express-
ing only BSS (B) or SSL-1-3m (C) or only harboring empty expression vectors
(A) serve as background controls. The chromatograms are annotated for the
elution behavior of botryococcene (1), C5;-botryococcene (2), C5,-botryococ-
cene (3), squalene (4), C5;-squalene (5), and C;,-squalene (6).

When TMT-3 was co-expressed with SSL-1-3m, 33% of the
accumulating botryococcene was methylated with greater than
half of that in the dimethyl botryococcene form (Figs. 21 and
3F).

Although the conversion of botryococcene and squalene to
their mono- and dimethyl derivatives was readily detected, no
further methylated products (tri- and tetramethylated) accu-
mulated. We considered the possibility that multiple methyl-
transferases might act successively and cooperatively in the for-
mation of C,, triterpenes, with one methyltransferase
catalyzing the C;, to C;, conversion and another using C,, as a
substrate to form a C,, triterpene. To test this possibility, yeast
expressing either BSS or SSL-1-3m with TMT-1, TMT-2, or
TMT-3 as well as each of the remaining five other SMT-like
B. braunii genes were evaluated for their triterpene content.
No unique products other than the C;; and C,, triterpenes
observed in the yeast lines expressing only TMT-1, -2, or -3
(Fig. 2) were detected by GC-MS analysis (data not shown).
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FIGURE 3. Accumulation of triterpenes in yeast engineered with various triterpene synthases and TMTs. A-C, yeast were engineered with BSS and TMT-1
(A), TMT-2 (B), or TMT-3 (C) on separate plasmids, and accumulation of squalene (closed circles), C5, squalene (closed squares), and C5, squalene (closed triangles)
was measured. D-F, yeast were engineered with the botryococcene synthase (SSL-1-3m) construct and TMT-1 (D), TMT-2 (E), or TMT-3 (F) on separate plasmids,
and accumulation of botryococcene (open circles), C5, botryococcene (open squares), and C5, botryococcene (open triangles) was measured. Yeast were grown
in shake flasks at 30 °C for the indicated times, and organic extracts were analyzed by GC-MS. Data represent mean = S.E. of three replicates.

TABLE 1
Substrate preference of the various B. braunii SMT-like enzymes

The various B. braunii SMT-like genes or empty vector control were constitutively expressed in yeast for 3 days, after which microsomes were prepared according to the
methods of Pompon et al. (36(). Enzyme assays contained 50 mm HEPES, pH 7.5, either 0.01% (TMT-3) or 0.1% (all other samples) 1,2-dicaproyl-sn-glycero-3-phospho-
choline, 2 mM acceptor substrate (botryococcene, squalene, C,, botryococcene, Cs, squalene), 50 um [PH]AdoMet (~150 dpm/pmol), 2-pl aliquots of microsomes (~4 pg
of total protein) in 100-pl final reaction volume. Assays were set up by first combining everything except [’H] AdoMet and microsomes and sonicating the mixture until the
solution became cloudy due to micelle formation. The [°'H]AdoMet and microsomes were added, and the reaction was incubated at 37 °C for 5 min. Reactions were stopped
by adding an equal volume of 10% (w/v) KOH in methanol followed by extraction of hydrocarbon products with 400 ul of n-hexane. Aliquots of the organic phase were
separated by TLC, and radioactivity incorporated into the triterpene fractions was determined by scintillation counting. Data are reported as pmol of methyl groups
transferred to acceptor substrate per unit time and per pg of microsomal protein. Data represent mean * S.E. of three replicates.

Enzyme activity (pmol/h/pg)

Empty TMT-1 TMT-2 TMT-3 SMT-1 SMT-2 SMT-3
Substrate
Squalene 0 513.7 £ 8.6 862.2 = 59.9 354 * 3.0 0 0 0
Botryococcene 0 33*13 45*13 4349 + 31.8 0 0 0
C,, squalene 0 0 0 0 0 0 0
C,, botryococcene 0 0 0 0 0 0 0

In Vitro Biochemical Confirmation—To verify the in vivo
results with in vitro determinations, the six SMT-like genes
were expressed in yeast, and microsomal preparations were
used as the source of the enzymes in assays containing
[PH]AdoMet and either botryococcene or squalene as sub-
strates. TMT-1 and TMT-2 readily catalyzed the transfer of a
methyl group from AdoMet to squalene but showed less than
1/100 of those levels of activity with botryococcene as the

8168 JOURNAL OF BIOLOGICAL CHEMISTRY

acceptor (Table 1). In contrast, TMT-3 favored botryococcene
as the methyl acceptor and exhibited only very modest activity
with squalene. None of the other three SMT-like genes showed
any measurable methyltransferase activity with botryococcene
or squalene as substrates. None of the six enzymes was able to
methylate C,, botryococcene or Cs, squalene, possible inter-
mediates to the tetramethylated forms (see below). Equally sur-
prising, none of the six B. braunii SMT-like genes methylated
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FIGURE 4. Michaelis-Menten enzyme kinetics for TMT-1 (green dia-
monds), TMT-2 (red circles), and TMT-3 (blue triangles). Enzyme assays
contained 50 mm HEPES, pH 7.5, either 0.01% (TMT-3) or 0.1% (TMT-2 and
TMT-3) 1,2-dicaproyl-sn-glycero-3-phosphocholine, the indicated concentra-
tion of acceptor substrate (botryococcene or squalene), 50 um [*HJAdoMet
(~250 dpm/pmol), and 2-ul aliquots of microsomes (~2 g of total protein)
in a 100-ul final reaction volume. Squalene and botryococcene were dis-
solved by sonication in the reaction buffer prior to the addition of [*H]AdoMet
and microsomes. Microsomes were prepared from yeast overexpressing the
gene for TMT-1, TMT-2 or TMT-3. Activities were determined as the amount of
radioactivity incorporated in TLC-separated methylated triterpenes. Data are
reported as pmol of methyl groups transferred to acceptor substrate per unit
time and per ug of total microsomal protein. Data represent mean = S.D.,n = 2.

cycloartenol, zymosterol, or lanosterol (data not shown), which
suggested that we have yet to find the proper substrate(s) for
these MTs, that we have not been able to provide these hydro-
phobic substrates in a form available for catalytic turnover, or
that these MT's were not catalytically competent under these in
vitro conditions.

Steady-state enzyme kinetics for the three TMTs were also
performed using microsomes prepared from yeast overexpress-
ing the respective genes (Fig. 4). TMT-1 and TMT-2 activities
exhibited typical saturation kinetics with squalene as substrate,
as did TMT-3 with botryococcene. The apparent K|, values for
the corresponding triterpene substrates varied from 22 to 69
M with maximum velocities ranging from 400 to 750 pmol of
methyls transferred per ug of microsomal protein per h.
Although the TMTSs were epitope-tagged with carboxyl-termi-
nal hexahistidine residues, we were unsuccessful in detecting
and quantifying the respective protein levels and hence are
unable to report the catalytic turnover rate (k_,,) for each of
these enzymes. Microsomes from yeast harboring the expres-
sion vector without any inserted methyltransferase gene served
as the negative control in all these experiments without any
triterpene methyltransferase detected under these conditions.

Chemical Identification of Reaction Products—To determine
the specific methylation sites on squalene and botryococcene,
the mono- and dimethylated squalenes and botryococcenes
produced in vivo by the engineered yeast were purified and
subjected to "H and '>*C NMR analyses (see supplemental Table
S2 for complete ">C NMR assignments). The monomethylated
squalenes produced by yeast expressing TMT-1, -2, or -3 were
all identical based on their NMR signals and methylated at the
C-3 position of squalene (Fig. 5, compound 2). Similarly, all
the dimethylated squalenes produced by all three yeast lines
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gave identical NMR signals indicative of methylation at the C-3
and C-22 positions (Fig. 5, compound 3). In contrast, the mono-
methylated botryococcene produced by yeast expressing
TMT-3 occurred at two positions, either the C-20 position
yielding showacene (Fig. 5, compound 5) or the C-3 position
yielding isoshowacene (Fig. 5, compound 6). Based on the rela-
tive intensity of the NMR signals for the methyl substituent at
C-20 in showacene (Fig. 5, compound 5) versus that for C-3 in
isoshowacene (Fig. 5, compound 6), showacene accounts for
more of the total monomethylated products than isoshow-
acene. Dimethylated botryococcene produced by TMT-3 had
methyl groups at the C-3 and C-20 positions (Fig. 5, compound
7). The very small amounts of methylated botryococcenes pro-
duced in yeast expressing TMT-1 or TMT-2 were not sufficient
for NMR analysis; however, the GC-MS patterns of mono-
methylated botryococcene produced by TMT-1, -2, and -3
were all identical (supplemental Fig. S2). These findings suggest
that all the TMTs methylate botryococcene at same positions.

TMT Expression in B.braunii—To determine whether
expression of any of the TMT genes was regulated in B. braunii,
the steady-state levels of the TMT mRNAs were determined
over a culture cycle of 28 days. Three days after inoculation of
new cultures, the fresh weight of the cultures was 568 mg/liter,
increasing to 1,195 mg/liter by day 14 and 1,684 mg/liter by day
28. The oil content of these cultures increased from 98 mg/liter
on day 3 to 172 mg/liter by day 14 and 239 mg/liter at day 28.
Very little difference in the chemical profile of these oils was
noted over this time course with less than 1% as C30 botryococ-
cene, but the majority of the oil (>70%) was composed of di- to
tetramethylated botryococcene. Consistent with the methy-
lated triterpenes being synthesized constitutively throughout
the culture cycle, TMT-1 and TMT-3 mRNA levels were rela-
tively constant when normalized for total RNA (Fig. 6). In con-
trast, TMT-2 mRNA levels were significantly higher at day 3
and declined thereafter (Fig. 6).

DISCUSSION

The large accumulation of triterpene oils by B. braunii race B
has provided the impetus for considerable interest in elucidat-
ing the biosynthesis of these seemingly simple molecules. The
oil is composed largely of linear, branched-chain triterpenes
resembling squalene, yet the triterpene scaffold, botryococ-
cene, is synthesized by the successive action of two enzymes
rather than a single enzyme like that typical for squalene bio-
synthesis (17). Although small amounts of the C;, botryococ-
cene and squalene triterpenes do accumulate, methylated
forms of these molecules predominate and accumulate to
upwards of 30% of the total algal dry weight. Hence, these algae
must possess a robust mechanism(s) for converting the triter-
pene scaffolds to their methylated forms, which also lends these
molecules to a variety industrial applications (23).

In the current effort, we identified three triterpene methyl-
transferases contributing to the methylation status of botryo-
coccene and squalene, and we were surprised by several of the
biochemical properties uncovered during this investigation.
Although we identified three triterpene MTs genes exhibiting
sequence similarity to sterol methyltransferases (Fig. 1), two of
these encoded enzymes showed specificity for squalene meth-
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FIGURE 5. Structures of the various triterpenes accumulating in yeast expressing squalene synthase or botryococcene synthase in combination with
TMT-1, -2, or -3. Yeast expressing the squalene synthase (BSS) gene accumulates squalene (1), C5; monomethylated squalene (2), and C5, dimethylated
squalene (3) when co-expressed with the TMT-1, TMT-2, or TMT-3 genes. Yeast expressing the botryococcene synthase expression cassette (SSL-1-3m)
accumulates botryococcene (4), a mixture of C5; monomethylated isomers, showacene (5) and isoshowacene (6), and C;, dimethylated botryococcene (7)
when co-expressed with TMT-3. Squalene and botryococcene have their carbons labeled, and the common sites of methylation are indicated with red arrows.
The mono- and dimethylation sites within the triterpenes that accumulate in the respective yeast lines are highlighted with red circles. Methylation sites were
assigned according to NMR signatures of the isolated compounds (supplemental Table S2) with reference to those previously reported (16, 20, 31, 34, 35).
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FIGURE 6. Relative expression levels of TMT-1, TMT-2, and TMT-3 mRNAs
during a culture cycle of B. braunii. Cultures of B. braunii were grown under
standard conditions for 3, 14, and 28 days. Total RNA was prepared from each
sample and converted to first-strand cDNA, and equal aliquots were then
used for 20, 23, or 27 cycles of PCR amplification with primers specific for
B. braunii TMT-1, TMT-2, TMT-3, and B-tubulin. Relative abundance of the
amplicons was examined by gel electrophoresis.

ylation. The third TMT appears to have specificity for botryo-

coccene methylation. The specificity for squalene or botryo-
coccene was unexpected because these molecules have similar
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physical features. Nonetheless, the B.braunii TMTs were
found to discriminate between the two methyl acceptors, as
depicted in Fig. 7, and this must arise from the ability of the
respective enzymes to recognize differences in the internal link-
ages within squalene and botryococcene. TMT-3 must be able
to recognize the internal ethyl, methyl substituents at C-10 of
botryococcene, whereas TMT-1 and -2 must prefer the
straight-chain linkage across C-11-14 of squalene.

The substrate specificity of the TMTs was also unexpected
when one considers the symmetry and asymmetry of squalene,
botryococcene, and the monomethylated intermediates and
the successive nature of these catalytic events. Most small mol-
ecule MTs catalyze monomethylation reactions, with some
notable exceptions such as the trimethylation of phosphoetha-
nolamine in the biosynthesis of the choline head group in phos-
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FIGURE 7. Proposed methylated triterpene biosynthetic pathways in B. braunii. SSL-1 converts two farnesyl diphosphate molecules (FPP) to pre-squalene
diphosphate (PSPP), which is converted in an NADPH-dependent manner to either squalene or botryococcene by SSL-2 or SSL-3, respectively. TMT-1 and TMT-2
can transfer a methyl group from AdoMet (SAM) to squalene to form mono- or dimethylated squalene, whereas TMT-3 acts on botryococcene to form mono-

or dimethylated botryococcene.

pholipid biosynthesis (39). However, the successive methyla-
tion of the sterol side chain at C-24 requires distinct,
successively acting enzymes, sterol methyltransferase 1 and 2
(31, 40). The successive nature of the B. braunii TMTs appears
to represent yet another twist in the activities of this diverse
family of enzymes. For TMT-1 and -2, the symmetry of squa-
lene affords equal probability of methylation at either end of the
molecule, but these enzymes also introduce a second methyla-
tion at the equivalent position on the opposite side of the mol-
ecule. Although TMT-1 appears to perform this second meth-
ylation with great facility, this is not the case for TMT-2. The
accumulation of dimethylated squalene exceeds that for
monomethylated squalene greater than 2-fold in yeast express-
ing the TMT-1 gene (Fig. 34), but dimethylated squalene only
accumulates to ~20% of that for monomethylated squalene in
yeast expressing TMT-2 (Fig. 3B). TMT-3 functionally resem-
bles TMT-1 with regard to the ease with which it introduces the
second methylation into the botryococcene backbone. That is,
the accumulation of dimethyl botryococcene slightly exceeded
that of monomethyl botryococcene (Fig. 3F). Based on NMR
analysis of the monomethylated botryococcene produced in
yeast, showacene accumulated to higher levels than isoshow-
acene. It is unclear whether this arises from a preference for
methylating botryococcene at C-20 rather than the C-3 posi-
tion with both monomethylated botryococcenes serving as
equal substrates in the second methylation reaction or whether
both the C-3 and the C-20 positions of botryococcene are
methylated with equal efficiency but isoshowacene (methylated
at C-3) is the preferred substrate for the second methylation
reaction, or a combination of both possibilities. Regardless, a
ratio of showacene to isoshowacene of ~1.7 to 1.0 is seen in

MARCH 9, 2012 +VOLUME 287 +NUMBER 11

monomethylated botryococcenes isolated from B. braunii (35),
suggesting that yeast expressing TMT-3 and SSL-1-3m reca-
pitulate the same biochemical bias as observed in B. braunii.
Although AdoMet-dependent methyltransferases are a very
broad class of enzymes, the atomic acceptor sites for the major-
ity these enzymes are either oxygen or nitrogen atoms and are
common modifications in primary as well as specialized metab-
olites (26). C-Methylation is not unique but seems to have
evolved for a more narrow class of compounds. For instance,
the side chains of sterols in plants and fungi (41) and the aro-
matic rings of tocopherol (42), ubiquinones/menaquinones
(43), and uroporphyrinogens (44) in prokaryotes and eu-
karyotes are all C-methylated. However, C-methylation of
specialized metabolites is much less common than O- or
N-methylation reactions. The polyketides oxytetracycline and
mithramycin from Streptomyces rimosus and Streptomyces
argillaceus, for instance, are C-methylated (45, 46), as is geranyl
diphosphate by Streptomyces lasaliensis, which produces the
soil-like odor methyl isobutyl alcohol from this methylated pre-
cursor (47). The triterpene methyltransferases described here
represent a third example of C-specific methyltransferases that
contribute to the biosynthesis of specialized compounds serv-
ing a unique physiological role, but in a eukaryote rather than a
prokaryote system. Moreover, based on the close phylogenetic
relatedness of TMT-1, -2, and -3 to sterol methyltransferases
(supplemental Fig. S3), TMT-1, -2, and -3 for specialized trit-
erpene metabolism may have arisen from the duplication and
neofunctionalization of genes associated with sterol side-chain
methylation by mechanisms as suggested by Gang (48) and Han
et al. (49) for other O-MTs associated with specialized metab-
olism in plants. Given the large collection of highly conserved
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Class 1 MT crystal structures (26) and the utility of these
structures for molecular modeling and mapping residues
important for catalysis in the wider family of MT enzymes
(50, 51), a similar strategy might be applied to better define
those residues or domains of the Botryococcus MTs specify-
ing substrate selectivity (sterol side chain versus linear trit-
erpene) and target site selection (regio-positioning along the
linear triterpene chain) for methylation.

Our inability to determine catalytic activities for SMT-1, -2,
and -3 raises obvious questions about these putative enzymes.
Are they actual MTs, and have we exercised sufficient caution
to produce properly folded protein and provide substrate in a
proper context? Without any positive activity results to report
for these particular SMT-like proteins, we are simply unable to
adequately address such concerns. However, technical details
concerning these proteins and the assays are worth considering
in this regard. First, all the candidate genes were expressed in
yeast engineered to facilitate both in vivo assessments of
enzyme activity (methylated triterpene accumulation) as well
as providing cell-free preparations for highly sensitive, in vitro
radiolabel assays. Unlike many MTs, which are functionally sol-
uble enzymes, all the MTs evaluated here harbor significant
hydrophobic regions that might serve to associate these
enzymes with membranes. In fact, the three B. braunii TMTs
investigated here were associated with microsomal prepara-
tions from yeast, and we were not able to generate soluble
enzyme activities when the respective genes were expressed in
bacteria (data not shown). Second, the in vitro assays with
hydrophobic substrates such as squalene and botryococcene
required the use of detergents and sonication to solubilize the
substrates. Such assay conditions are clearly artificial and raise
additional conceptual questions about the physiological rele-
vance of the assays. We readily acknowledge such concerns and
hence have relied on the in vivo characterization of the genes
expressed in yeast as the first line of evidence for their func-
tional identification.

It is also worth noting that we have not identified all the
mechanisms responsible for in vivo methylation of botryococ-
cene and squalene in B. braunii race B. We have identified sev-
eral genes encoding for methyltransferases capable of introduc-
ing terminal methyl substituents at C-3 and C-22/C-20 of
squalene and botryococcene and hence yielding dimethylated
triterpenes. However, botryococcene and squalene accumulate
in B. braunii largely in their di- and tetramethylated forms with
ratios dependent on growth conditions (9, 10, 19). Hence, addi-
tional MTs or other mechanisms for the complete methylation
pattern of these triterpenes remain to be discovered.
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