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ABSTRACT

A "resting state" isolate of the hydrocarbon-producing alga

Botryococcus braunii photoassimilated [14C]HC03 at rates comparable to fast-

growing algae such as Chlorella (>150 ug atoms [14CJ/mg chlorophyl1/hr).

Early in the reaction (up to several min), most of the radioactivity was
associated with water-soluble metabolites. However, labelling of hexane-
soluble compounds steadily increased from ca 3% at 15 sec to over 50% of the
total incorporated [14C] at 60 min. The purified hexane fraction, which
consisted of a series of botryococcenes and squalene, constituted a relatively
constant proportion (40-45%) of the total hexane-soluble radioactivity at all
but the earliest timepoints (<60 sec). This fraction 1nifia11y consisted
almost exclusively of a C3p botryococcene (ca 91%) and squalene (ca 8%);
however, small amounts of radiocactivity sequentfa]]y appeared in the C31, C35
and Cszq botryococceﬁesﬁ‘ The results of pulse-chase experiments implicated the
C3p botryococcene as the precursor of the higher homologs; during the chase,
loss of radioactivity from the C3g compound was accompanied by a concomittant
increase in the labeling of the C3; and C3p compounds. This study provides

further evidence that the relatively slow growth of Botryococcus in culture

may result in part from the diversion of a large proportion of reduced carbon
into energetically expensive compounds, and that the slower growth rate in the
"resting state" cannot be totally attributed to an impaired or intrinsically

slow metabolism,



 INTRODUCTION

The colonial green alga Botryococcus braunii exists in at least two

possibly interéonvéftib]e physiological states that produce and accumulate
large amounts of different classes of hydrocarbons. "Active state" colonies
synthesize linear olefins, primari1y C27, Cpg amd C3q dienes (1,2), which may
constitute up to 36% of the dry weight (3). 'In_contrast,‘“fésting state"
colonies produce various mixturés of unusual acyc]icvisoprenoids (CnHZn-
10;n=30-37), which have been reported to consfitute up fo 86% of the dry
weight (4). To date, five'structures Of_this.hdmologous botryococcene series
have been elucidated (5-7) (Fig. 1) and about 12 others have been detected and

partially characterized by mass spectroscopy (8).

Interest in Botryococcus has historically focused upon its role in the

formation of a variety of oi]-rich deposits dating from fhe Ordivician period
to the present (see 9 for review and referentes’; particularly noteworthy i§
the repofted occurrence bf high levels (0.9 and 1.4%) of a saturated
derivative of botryococcene'(Fig.vl) in two Sumatran crude oils (10). The
alga has also been'prdposed’as a Eenewab]e éoufce of 1iquid hydrocarbons,
- largely becaUse it forms massive'f1oatin§ blooms that suggest the potential
for large-scale cultivation and efficient harvesting (11-13).

However, theée gpnsiderations.cannof be exp1ored broper]y.due to the
serious deficiencies iﬁ.our basic kndw]edge.of the prganism (14). For
example, most laboratory studies have dtilized "active‘state" cultures that,

in many cases, were isolated decades ago; relatively little is known about the



basic biology of the eco]ogica]fy'brevalént "resting state" form of the alga
This investigation was conducted to provide information on the relationship

between general metabolism and the biosynthesis of botryococcene hydrocarbons

in a recently acquired "resting state" isolate of Botryococcus.



EXPERIMENTAL

Isolation and culture of Botryococcus. Colonies of Botryococcus were

isolated by Dr. Arthur M. Nonomura from IilyQCuithring tanks located in a
greenhouse on the campus of the UhiQersity of Califdrﬁia, Berkeley. Attempts
to pfoduce axenic cu]tures'using'finsing and dilution teéhniqdes_é]one and in
conjunction w%th ahéibiot%ishféifed. waeQer; tﬁevfesfriCted natufe of the
bacferial cdhtamination was repeatedly verified via iight-microscopic
inspection and platings'on a Variéfy of agarized bacterial hedia. |
Maintenance éu]fdrés'we}e grown at 22-24° in 2.5 1 Fernbach flasks
continuously bubb}ed with air and illuminated with cool-white fluorescent
tubes (125'uE/m27sec1)'oﬁ 5 16:8 LD’cycle.; The growth mediUm‘COntéine& the
following components (mg/i'HZO): Ca(N03), 4&20'(100); NH4C1 (26.5),
MgSOy 7Hp0 (25), KpHPO, (10), H3BO03 (0.6), MOPS buffer (3.14), NaEDTA (7.7),
ZnCl, (0.624), CuCl, 2H,0 (0.268), NaMoO, 2Hy0 (0.252), CoCl, 6H,0 (0.420),
FeSO; 7H,0 (2.5), and MnCl, 4H,0 (0.360). The last seven ingredients were
added as a single 1000-fold coﬁcehtrated stock sblution phepared.by boi]in§
the NazEDTA'in 800 ml Hy0 for 5 min, adding tﬁé saltS, and brﬁnging the final

volume to 1 1. The pH of the'medium was adjusted:td 7.2‘before autoclaving.

Extraction, preparation, and analysis of‘hotryococcenes. Culture a]iduots

were filtered, rinsed, and placed in an evacuated dessicator for 24 hr before

being oven dried at 60° to a constant weight. Dried samples were placed in 20



ml glass vials along with an internal standard, and extracted via sonication
for 30 min each in three 15 mllthanges of:he;ane; botryococcenes were not
present at significant levels in residues.subjected to an additional 8 hr
Soxhlet extraction with hexane._ The crude hexane extracts were combined,
evaporated under n1trogen to about 0 T mT, and pur1f1ed by coTumn choma—_i:a'
Vtography on s1T1ca geT w1th hexane as the eTutant | . "

GLC was performed us1ng an FID equ1pped 1nstrument f1tted w1th a 30 m xv

0 25 mm coTumn conta1n1ng 5% DB 5 as the statlonary phase. The carr1er gas

was He (2mT/m1n) and the sp11t rat1o 9 T A The coTumn temp was e1ther 240° or

245° and the 1nJect1on port and FI? temperatures were 300° GC-MS was

performed on a F1nnegan 4000 1nstrument, equ1pped w1th an Incos Data System.

Towowec o oo i D

Time- -course [14C] 1ncorporat1on exper1ments. A TOO m] a]1quot of ma1ntenance

cuTture was ster1Te f1Ttered, resuspended in fresh med1um and grown 1n a 250
ml ErTenmeyer bubbT1ng flask n1th cont1nuous bubb11ng (0. 3A C02 1n a1r) and
1TTum1nat1on (250 uE/mz/sec) t 22- 24° After two days 1 mT a11quots were
d1spensed 1nto 5 ml ErTenmeyer f]asks and pre111um1nated wh1Te shaken for TO
min. The fTasks were then capped w1th a serum stopper and the cuTtureV.
‘1nJected w1th a soTut1on of [14C]NaHCO3 (sp. act 52.5 uCT/ug atom [14C]) to a
f1na1 concentrat1on of 6 mM At appropr1ate t1me 1ntervaTs (see‘RESULTS),_
cells were k1]1ed by the addition of 4 ml of hot MeOH ATT radioaetive
Tabe]ing,experimentsvwere‘conducted twice withhdup]icate sampTes for each

timepoint.,
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Pulse-chase experiments. A 20 ml a]iquot'of maintenance cu]ture was dispensed

into a 50 ml Er]enmeyer bubb11ng flask precond1t1oned for 2 days as
described, and injected with a solut1on of [14C]NaHCO3 (sp. act. 52.5 uCi/ ug

atom [14C]) to a final concentration of 6 M. After a 2.5 min pulse, the

'culture was quickly filtered and r1nsed w1th 250 m] of fresh med1um, and a 20

ml a]1quot was transferred to a new 50 m] bubb]lng f1ask At appropr1ate
t1mepo1nts after the rinse, dup11cate 1 ml al1quots were k111ed by add1t1on of
not MeOH The cu]ture f]ask was then returned to the precond1t1on1ng growth

regime for the durat1on of the experxment A11 procedures were carried out

under ster11e cond1t1ons.

Extraction and ana]ysis of products. The ki]]ed co]ony extract was trans—

ferred w1th several hot MeOH r1nses to con1ca1 tubes and centrifuged, and the
supernatant was removad. S1nce pre11m1nary exper1ments demonstrated cells to
be recalcitrant to extract1on the residue was extracted twice each with MeOH,
hexane and 1:1 Me0H~H20 For each extraction the residue was shaken
v190rous1y with 5 m] w1th hot so1vent for 10 min in a water bath ma1nta1ned at
50°. A]l s1x supernatants were comb1ned and reduced to near dryness under a
stream of N2 F1ve m! a11quots each of h xane and HZO were added, and the
solutions were ag1tated on a vortex mixer and centr1fuged to better fac111tate

phase separatlon. The hexane 1ayer was removed and the aq. fract1on was

extracted twice more with hexane. The hexane extracts were comb1ned and



reduced to a suitable volume, and an aliquot was removed for radiocarbon
determination by scintillation counting. An aliquot of the aq. phase was
dried under Ny, acidified with HOAc and suspended in 0.5 ml of H,0 and 5.5 mi
Cof AquaSsure (New Engiand Nuclear Co.,'Boston;'MA) forvseﬁntil1ation
counting. Therinsolubie residoe'was’eombosted in an oxidtzer, and then

counted.

HPLC separat1on of the branched hydrocarbons. The s111ca ge] co]umn pur1f1ed

"‘hexane'extracts were reso]ved 1nto 1nd1v1dua1 components by high pressure
"’Tiqoid thromatography us1ng a Beckman Altex 1nstrument. ‘Baseline resolutions
of all” components were obta1ned u51ng two coupled 25cm x 4.6 mm i.d. Altex
U]trasphere ODS co]umns, e1ther w1th 80:20 or 65 35 MeOH CH3CN as the mobile
phase at a flow rate of 1 or ].3 mi/min. The detect1on method was UV at

- 215nm.  Squalene and the C3; compound could be we]] separated by using the
65:35 mobile phase (Flg.2 ), whereas the C32b'c33b comp]ex and R
isobot ryococcene (C34H58) were resolved on]y by us1ng 80:20 mobile phase.

Under these 1atter cond1t1ons squa]ene could be observed on]y as a shoulder.

Ch]orophy]]fdeterminatfon. A S m] culture a11quot was f11tered and rinsed

with 1.5 ml of HZO 1nto a glass homogen1zer conta1n1ng ca 3 ml of MeZCO and a
- small amount of a]um1na as a gr1nd1ng agent Th1s m1xture was centr1fuged

homogenized, and recentr1fuged, and the supernatant.was removed and stored in
the dark'at -20°, 'The'pellet was‘reextracted nithﬂ4ﬁn1 of MeoCO, p]aced in a

vial and magnetically stirred for 2 hr in the dark at -20°. The volume of the



combined extracts was adjusted to 10 ml of 4:1 Me,C0-H,0, and they were
centrifuged at 1000 g for 10 min. Absorbance was measured at 645 nm and 663

nm, and total chlorophyll was estimated using the ‘equations of Bruinsma (15).
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RESULTS

- Hydrocarbons of the Berkeley isolate. The purified hydrocarbon fraction

consisted of a mixture of botnyococcenes and a small amount éf squalene
(<2.0%), which collectively constituted 25-30% of the colony dry weight.

There was some qualitative variation; however, the hydrocarbon fraction
represented by Fig. 2 was typical of those obtained from experimental
cultures. Botryococcenes 1ndica£ed'by asterisks were identified by GC-MS and
by direct comparison tp well-characterized samples utilized in previous
studies (16). The remaining compounds were characterized by GC-MS alone. For
convenient reference, the C3,Hgy isomers have been assfgned letters based on
retention time. A detailed éccount of the-effect§ of variable physiochemical
factors on growth and hydrocarbon production is the subject of another

publication.

Time-course incorporation of 14C09 into major fractions and individual

botryococcenes. Total rates of 14C02 incorporation during time-course

experiments usually exceeded 150 ug atoms [14C]/mg chlorophyll/hr, with the
maximum rate occurring by 15 min. The proportion of radiocactivity associated
with water-soluble compounds was_initia]]y high, but steadily declined after
60 sec 1arge1y due to increased labelling of hexane-soluble components (Table
1. 14C incorporation into insoluble materials (starch, etc.) often varied at
early timepoints (up to 30 sec) between identically executed experiments

before exhibiting a stable trend..
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HPLC analyses of co]umn—purifiéd hexaﬁe.extracfé indicated that a
minimum of 98% of the label was associated with épecifﬁc botryococcene
hydrocarbons and squalene througﬁout_thevexperimentf These components
constituted a large and re]atiye]y constant ﬁroéortjon (41.4 - 43.1%) of thé
crude hexane fractions after 30 sec (Table 1). The remaining [14C]—1abe11ed
hexane-so]ub]e constitueqts_wege not idengified.. As can.be seen»in.Table 2;
virtually all of the purified hexane-soiub]é rédioactivity_was éssociated with
the C3p botryoc§ccene (85.8%) and with its structural isomer squalene (10-
1%). Labe] appeared inhthe é3i cdmpound at 30 sec, aqd subsequent1y jn.the
C32. compound (2-5 min) énd in iéobotryococcéne (5 min}, TVery little activity
was associated with the C3ph, or C3j3 botryococcenes even at 1aterU> |
timépoints. A geﬁera] tfend 1s‘ev1dent in the daﬁa_éhoﬁq in Table 2: the
percentage of acti?ity associated wifh tHe7C3O,botnyococcene de;feases with

time while the reverse holds true for the higher homologs; the % radio-

activity associated with squalene, however remains relatively constant.

Pulsa-chase experiments with 14CO;. Pulse-chase experiments were conducted to

determine if the C3q botryococcene was the precursor to any or all of the
higher homologs. Figure 3 depicts the results from an experiment employing a
2.5 min pulse followed by a 5 day chase. Throughout the experiment, the

purified hexane extracts contained from 53.2-58.5% of the hexane-soiuble l4¢

over 98% of it associated with C3g, C37, C3pp botryococcenes and squalene.
Immediately following the pulse (time 0), over 99% of the label distributed

among these compounds was associated with the C3p botryococcene (90.9%) and
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squalene (8.5%). Subsequently, activity of the C3g botryococcene continuously
declined, accompanied by a corresponding increase in labelled C31 and C3oh.
Labelled C3y appeared rapidly at first, reaching a maximum at 3 days and
declining slightly thereafter, whereas the initially lower rate of
incorporation into C35, continued throughout the chase. Very little activity
could be confidently ascribgd to any of the other botryoéaccenes.

. Between time 0 and day 1 subétantia] radioacfive flux apparently
occurred between the water—sd]uble and inso]ub]e.fractions, while little
change took p]ace.in the total radioactivity of the he*ane-so]uble and
branched isoprenoid fractions. Throughout the remainder of the expefiment,
however, the radioactivity of all of the fractions remained virtually
constant, indicating that thevchangesbobserved in Fig. 3 probably occurred
within the branched isoprenoid pool énd did not result from the input from

other (e.g. water-soluble) pools of metabolites.

<
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" DISCUSSION

The terms "active state" and "resting state" werevoriéinally intended
to indicate the relative growth potentials of the two principal physiological

variants of Botryoccocus (4). Hdwever;'the growth rate of the Berkéley

“resting state" isolate is comparable to those reported for active state
cultures grown under fundéméntai]y simﬁ]ar'condifions f3);"if the Berkeley
isolate is typical of résf%ng'stafe popu1ations.in genéré], which from
existing evidence séems»1ike1y, then tﬁé on]yldéfin1t1§eténd easily |
ascertainable distinction between the two forms of the alga Af present.is the
spécific type of hydrocarbons that are.synthesized and stored. For this
reasoh, it is suégested that the terms "active state" and "resting gtate“ be
abandoned in favor of the respective designations L-form (for linear
hydrocarbon) and B-form (for branched or botryococcené hydrdtarbon.

Culture studies employing éonVentiona] growth parameters have

repeatedly demonstrated the relatively slow growth potential of Botryococcus;

under optimum growth coﬁditions the minimum massvdoub1ing time of the Berkeley
isolate was ca 40 hr. (Wolf, F.R., unpubTished—results) compared to 9 hr. for
certain species of Chlorella (17). Sluggish growth apparentiythes not resﬁlt
from impaired diffusion of Cbz énd h&trients to thé ke]]s or an intrinsically
slow metabolism: thé maximum rates 0f>C02 1ncorporation: photbsynthetic\oxygen

evolution (3), and dark respi}atibn'(185 are comparable to those reported for

Chlorella. This disCrebancy results in part from the alga's ability to divert
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a relatively large proportion of metabolism into the synthesis of highly
reduced and consequently energetically expensive compounds (18). This
phenomenon is manifested not only in composition, but also in the rate at

which [14C]02 is incorporated into the botrvococcenes and other hexane-soluble v

compounds. Thus, the extraordinary composition of Botryococcus should be
taken 1nt§ account by including calorimetric detépminations along with other
growth parameters. |

Results obtained from‘puTse-chase experiments indicate that the'C30
botryococcene is the precursor of fhe higher homologs that may arise via
successive methylations on the C30.backbone. The decline {n Tabeled Cjg
botryococcene during the chase corresponded quantitative1y>to the increase in
Tabelled C3p and C3p,; indeed, the eventual slight dec1ihe in C3y activity
suggested its conVersion to C32b. The lack of radioactivity associated with
the‘C32b, C33, and Cqy compounds‘was probably related to culture conditions,
since it has been demonstrated that COp-enrichment initially favors the
synthesis of the C3g, C31, and Czpy botryoco;;enes-(Wo]f, F.R., unpublished
results). The results of these experiments, however, also suggest that the
successive methylations (presumably via sfadenosy1—methionine) occur at a much
slower rate than the synthesis of the basic backbone structure of the lowest
homolog, fhe C3g botryococcene. | |

The family of botryococcenes represents unusual isoprenoid structures
which seem to be unique to this organism. Data presented in this paper ™
indicate that botryococcene biosynthesis is a major path for carbon ufi]iza-

tion in the B state of this alga. Several possible biogenetic routes can be
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envisioned for the formation of the C3p botryococcene. One possibility is the
coupling of nerolidyl and farnesyl pyrophosphates to yield the peculiar
ethylidine group, the common structural feature of.all_botryococCenes;
Alternately, botryococcene biosynthesis may be analogous to that of squalene,

except for the last step, the reduction of presqualene pyrobhosphate.

| Nucleophilic attack by hydride ion (from NADPH) either on presqualene pyro-

phosphate or the cyclobutyl derivative can give the botryocoécene'skeleton
(Fig. 4 ). If the 1atter.mechanism is the‘rbute to'botryococcenés, then the
preferential biosynthesis of botryococcenes -over squalene indicates that this.
alternate, novel mode of ring opening of presqga1ene pyrophosphafe is
prevalent.fn this organism.

The results of the pulse-chase experiments indicate fhat the higher
homologs éref¥ormed from the C3; compound, th the possibility of the
methylation step at thé Ci15 level cannot bé concTuéive]y eliminated. This
model, howeveE;JWGuld”require drastically higher rates of formation,for the
C3p botryococcehe than for the higher homo]qgs; or, alternately the mode
would have to invoke the ﬁethy1ation of the Cyg isoprenoid pyrophosphate
precursor as the rate-limiting step -in the overall biosynthetic schenme.
Further élaboratioﬁbof the biosynthesis of botryococcenes is presently under

investigation.
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Table 1. Time-course incorporation of 002 into various fractions extracted from Botryococcus braunii

Acyclic isoprenoids

Total incorpigation Hexane Acyclic as Z'oé hexane
Time ( g atoms Cc) HZO soluble (%) Insoluble (%) soluble (%) isoprenoids (%) solublée fraction
5 ‘sec 1.6 : 79.3 | 17.9 2.9 - -
15 sec 5.1 - 85.9 11.1 . 3.0 1.0 32.5
30 sec 12.1 | 89.7 4.8 4.8 2.1 43.1
60 sec 30.5 74.8 13.6 11.6 4.9 41.8
.5 min 75.5 57.0 17.4 25.6 10.8 42.1
5 min 159 43.6 21.2 35.2 14.6 41.4
15 min 512 26.2 28.4 45.4 19.1 42.1
30 min 942 17.2 : 30.4 52.4 22 42.1
60 min 1677 13.3 28.7 57.9 28.2 43.0

LI



Table 2. Time-course incorporation of 14C into individual
branched isoprenoids (expressed as a % of the total

purified hexane fraction).

Time %3050 C31Fs2 C32354a"ﬂ C34Hsg squaleng
15 sec . .85.8 S o - - S 110.1
30 sec- 86.2 1.7 - - ©11.1
60 sec ' 86.2 2.5 trace - 10.2

2.5 min 86.1 1.6 - 0.3 ~ trace 11.4

5min  85.0 1.9 0.4 0.07 11.0
15 min  84.0 2.8 0.8 0.2 11.2
30 min 83.7 " 3.9 0.8 S 0.3 10.0
60 min 82.7 5.2 0.8 0.4 9.0

81
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Fig. 1. Structures of botryococcenes elucidated to date: 1, C30H50 (7
2, C31H52 (7); 3, C32H54; 4, C34H58 (botryococcene) (5);
3, C36H62 (6). Possible structures have also been proposed for

.isobotryococcene (6), the principle C34 isomer of the Berkeley

1solate.

Fig. 2. HPLC separation of the branched isoprenoids contained within
the purified hexane extract of the Berkeley isolate of Botryo-

coccus. The mobile phase was 65:35 MeOH:CH.CN at a flow rate

3
of 1.3 ml/min. A mobile phase of 80:20 MeOH:CH3CN effected the
separation of isobotryococcene (C34H58) from tbe C32b—C33b peak
complex, but did not satisfactorily separate squalene from C3l.

~ Squalene was added to the extract because it was present as a

minor constituent in the original extract.

Fig. 3. Radioactivity associated with individual branched isoprenoids
during a 5 day pulse-chase experiment: O, C30botryococcene;

a, C3l; N C32b; A ,squalene.

Fig. 4. Possible mechanisms for the biosynthesis of the C30 botryococcene.



Figure 1,

20

Wolf, et al., Biosynthesis of Isoprenoids in Botryococcus

Y

3



21

Squalene
C30

. .

33b C3y

C C
32¢ C338 30

—~———

10 MINUTES

Figure 2. Wolf, et al., Biosynthesis of Isoprenoids in Botryococcus




22

1.4 o~ »
1.2
I+ -
o > / |
[} o .
o /° O\ -
O\
O
\O
4 .
A v
A/ |
2} /
A\
A ' ¥
l ——— A
0 I 2 3 4 5 -
DAYS

. Figure 3. Wolf, et al., Biosynthesis of Isoprenoids in Botryococcus



Figure 4.

Wolf, et al., Biosynthesis of Isoprenoids in Botryococcus

23



&

#

s

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




pLst ™
--

- -
g ] .

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

T,

R





