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ABSTRACT. Geranylgeranylglyceryl diphosphate synthase (GGGP synthase) catalyzes alkylat®n of (
glyceryl phosphate §-GP] by geranylgeranyl diphosphate (GGPP) to prodS:gé¢ranylgeranylglyceryl
phosphate B)-GGGP]. This reaction is the first committed step in the biosynthesis of ether-linked
membrane lipids in Archaea. The gene encoding GGGP synthaseMethanobacterium thermoauto-
trophicumwas cloned using probes designed from the N-terminal sequence determined from the purified
enzyme. The open reading frame, which encoded a protein of 245 amino acids, was inserted into a pET
expression vector and expressedEischerichia coli The recombinant GGGP synthase was purified to
homogeneity. The enzyme is active as a homopentamer, as determined by size exclusion chromatography
and equilibrium sedimentation experiments. GGGP synthase has optimal activity@irbpH 8.0 buffer
containing 1 mM MgCG). Vimax = 4.0 £ 0.1 umol min~* mg?! (keat = 0.34 4+ 0.03 s for pentameric

GGGP synthase assuming all subunits are fully actig)? P = 13.5+ 1.0uM, andK,CCPP= 506 +

47 nM. These steady-state catalytic constants were identical to those for enzyme isolated from cell extracts
of M. thermoautotrophicurfChen, A., Zhang, D., and Poulter, C. D. (1993)Biol. Chem. 26821701~

21705]. Alignment of seven putative archaeal GGGP synthase sequences revealed a number of highly
conserved residues consisting of five aspartate/glutamates, three serine/threonines, two prolines, and five
glycines, including a conserved GGG motif.

The Archaea are a unique class of organisms that form aScheme 1: Diether and Tetraether Core Structures of
third distinct kingdom of life. Early interest in the Archaea Archaeal Lipid3d

stemmed from their ability to thrive in extreme environments, w I
such as high temperatures, high salinity, or low pH, which PO«tO,\)\/\}v\}\/\)\
are inhospitable to most other forms of life. Because their °

outward physical appearanace resembles the Bacteria, it was Phytanyl Disther

originally assumed that these “extremophiles” were unusual

members of the bacterial kingdom. This assumption was later ombo
challenged after a detailed analysis of ribosomal RNA genetic '\to
patterns 0). : :

One of the most striking physiological differences between Biphytany! Tetrasther

the Archaea and other organisms is the structure of their 2Polar head groups are represented by an X.
membrane lipidsZ). In Archaea, membrane lipids are based ; ; ; e
on a core architecture in which branched-chain saturated; The biosynthesis of biphytanylglycery! lipids in Archaea

is largely unexplored. The glyceryl unit is derived fro8)-(
hydrocarbonsmost commonly two & phytany! groups- glyceryl phosphate §-GP]! Its enantiomer, R)-GP, has
are connected to glycerol through ether linkages. The

. A an analogous structural role in eubacterial and eukaryotic
hyperthermophiles often contain dibiphytanyl tetraethers, lipids (3). (R)-GP is an important metabolite in species from
where two biphytanylglyceryl units are covalently linked

. d all three kingdoms and is synthesized by phosphorylation
though their hydrocarbon tails (Scheme 1). The branched-ofg|ycer0| and by reduction of dihydroxyacetone phosphate

chain hydrocarbons and ether linkages in archaeal lipids standp i ApY. 1n addition. archaea have P dehvdrogenase
in marked contrast to the straight-chain, ester-linked glyceryld( ) ’ HE yerog

:,IDI%S foduntd n eﬁb aCt?‘”aI ind. ?.UKa:cryouﬁ mﬁrpb.:jan.esihA 1 Abbreviations: BME j3-mercaptoethanol; DGGGP, digeranylgera-
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(S absolute stereochemistry of the glyceryl moiety, as dimethylallyl diphosphate; DMAPPAMP transferase, dimethylallyl
opposed to theR) stereochemistry of the diglyceride unit g!phcﬁp?aﬁe;g{vﬂi dlmhet?yllelelletAag_sfer%s?; lllDl\IfAPIP;NA tranégelrjase%
; ; : o imethylallyl diphosphate: imethylallyltransferase; , far-
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nylgeranylglyceryl phosphate; GGPP, geranylgeranyl diphospl&te; (
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Scheme 2: Biosynthesis of DGGGP fro®-GP and DMAPP—tRNA transferasel4, 18, 19), and dimethylallyl-
GGPP tryptophan synthasel{) appear to be electrophilic alkyla-
GGPP tions. We now report cloning of the gene encoding GGGP

synthase fronM. thermoautotrophicurand characterization

H H
Po’\’[oH L-— Po’\tOH /
oH OM\A of the recombinant enzyme.

(S)-GP GGGP EXPERIMENTAL PROCEDURES
GGPP
r Materials and General MethodsFrozen cells ofM.
thermoautotrophicurMarburg strain, were provided by Dr.

/\*/M Lacy Daniels (University of lowa). Problott PVDF mem-

H = = = = . .

po’\i[o branes were from Applied Biosystems.-}°P]JdATP (3000
Oka/\/k/\/k/\)\ Ci/mol) was from Amersham. Enzymes for DNA cloning

were purchased from New England Biolabs and Gibco. All

media and culture plates contained:&fImL ampicillin, and

that catalyzes the reduction of DHAP. The dehydrogenaseplates for blue-white selection also contained 0.2 mM
from Methanobacterium thermoautotrophicutmas been isopropylj-p-thiogalactoside (IPTG) and 2@/mL 5-bromo-

DGGGP

purified and characterizedl). Thus far, activity for a - 4-chloro-3-indolyl 5-p-galactoside (X-gal). LB broth con-
GP-specific glycerol kinase has not been detected in anytaineal 5 g ofyeast extract, 10 g of tryptone,&b g ofNaCl
species §). in 1 L of water. pBluescript SK{) was from Stratagene,

The Gy phytanyl units found in archaeal membrane lipids pTTQ18N was from Amersham, pARC306N was provided
are derived from geranylgeranyl diphosphate (GGFR8p) ( by M. Bittner (Biotechnology Division, Amoco Research,
GGPP is constructed from isopentenyl diphosphate (IPP) andNaperville, IL), and pET-11b was from Novagerg){GP
dimethylallyl diphosphate (DMAPP) iNl. thermoautotrophi-  and §-[1-H]GP (4.0 Ci/mol) were available from a previous
cumby GGPP synthase, a bifunctional short-chain prenyl- study @). Butanol-extractable contaminants were removed
transferase that makes both farnesyl diphosphate (FPP) androm stored §)-[1-*H]GP stock solutions by extracting three
GGPP. TheM. thermoautotrophicunenzyme was purified  times with water-saturated 1-butanol (1 mL of 1-butanol/
and characterized), and the gene was subsequently cloned water per 100uL of GP stock) and once with 1 mL of
and expressed iftscherichia coli(8). The gene encoding  hexanes to remove residual 1-butanol. GGPP was synthesized
an enzyme responsible for the synthesis of farnesylgeranylas described by Davisson and co-worke9)( Stock
diphosphate (FGPP) was recently cloned from the hyper- solutions of GGPP were prepared in 25 mM M€O;, and
thermophilic archaeoAeropyrum pernixX9). Morii and co- concentrations were determined by phosphate anal®&js (
workers (0) reported that the membrane lipidsAf pernix Plasmid DNA was purified with the Geneclean system (Bio
are composed exclusively of,&diether lipids, presumably  101), Wizard Plus Minipreps DNA purification system
derived from FGPP, rather than the more commaon C (Promega), or the Qiagen Plasmid Midi Kit. DNA electro-
diethers derived from GGPP. phoresis was conducted with 0.8% agarose gels and visual-

The first committed step in the construction of archaeal ized by staining with ethidium bromide. Proteins were
membrane lipids is formation of an ether linkage between chromatographed on a Pharmacia FPLC system .4
(9-GP and the isoprenoid diphosphate, usually GGPP. In Protein concentrations were determined by the method of
M. thermoautotrophicuntwo separate enzymes catalyze Bradford @2). Protein samples were analyzed by 12%
transfer of geranylgeranyl units to the C3 and C2 oxygen stacking SDS PAGE on a Bio-Rad Mini-Protein Il system
atoms of §)-GP, respectively (Scheme 23)( The enzyme and visualized by staining with Coomassie Brilliant Blue.
catalyzing the first reaction, geranylgeranylglyceryl phos- Proteins were dialyzed for412 h at 4°C using 12006
phate synthase (GGGP synthase), is cytosolic and has beefi4000 molecular weight cutoff tubing (Spectruri). coli
purified fromM. thermoautotrophicupMarburg strain 11). strain DH% was used for all DNA manipulations. DNA
The enzyme catalyzing the second prenyltransfer reaction,oligonucleotide primers were synthesized by the DNA/
digeranylgeranylglyceryl phosphate synthase (DGGGP syn-Peptide Facility of the Huntsman Cancer Institute at the
thase), is membrane bound and has not yet been purifiedUniversity of Utah. DNA and peptide sequencing was done
(1D). by the DNA Sequencing Core Facility of the Huntsman

GGGP synthase is an interesting enzyme from at least threeCancer Institute. Negative ion electrospray MS was con-
standpoints. It lies at the branch point to biosynthesis of the ducted at the University of Utah Department of Chemistry.
membrane lipids in Archaea. The preliminary report of Chen Equilibrium sedimentation experiments were carried out at
and co-workers {1) suggests that the active form of the the Hunstman Cancer Institute, University of Utah.
enzyme is a multimer of at least four identical subunits, Sequences of Peptides from GGGP Synth&€&GP
whereas all other prenyltransferases characterized to date argynthase was purified to homogeneity as described previously
monomers or dimers. Finally, GGGP synthase is a member(11). To obtain the N-terminal amino acid sequence 1B
of a diverse, but not extensively studied, family of prenyl- ug of purified protein was electrophoresed on a 0.75 mm
transferases that catalyze the transfer of isoprenoid groupghick SDS-polyacrylamide gel and then electroblotted for
to nonisoprenoid acceptors. Other members of this class45 minin 10 mM 3-(cyclohexylamino)propanesulfonate, pH
include protein prenyltransferasd(13), DMAPP—tRNA 11.0, and 10% methanol on a Problott PVDF membrane
transferase 14), DMAPP—AMP transferase 1(5), and di- using a Mini-Trans Blot cell (Bio-Rad). The membrane was
methylallyltryptophan synthasé®, 17). The prenyl-transfer  stained in 40% methanol, 10% acetic acid, and 0.1%
reactions catalyzed by protein farnesyltransfera%s), ( Coomassie Blue R, destained in 40% methanol and 10%
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acetic acid, rinsed with water, and air-dried. The band at
~29 kDa corresponding to GGGPS was excised from the
gel and sequenced.

For internal peptide sequencesu® of pure protein was
digested with 100 mg of CNBr in 70% formic acid for 24 h
in the dark at room temperatur23j. Peptides were separated
by HPLC amm a 2 mmx 25 cm Vydac C18 reversed-phase
column, using a linear gradient from 0.1% aqueous trifluoro-
acetic acid to 4:1 acetonitrile:water with 0.1% trifluoroacetic
acid. A selection of well-resolved peptides was sequenced.

PCR Cloning of GGGP Synthase Gene Fragmeéiisur
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lysed by floating the membranes with colonies facing up on
the surface of a solution of 1.5 M NaCl and 0.5 M NaOH
for 5—10 min. The membrane was dried on 3MM papers
and neutralized by soaking for-3.0 min in 3 M NaOAc
(pH 5.5). The membrane was dried again on 3MM papers,
equilibrated in Z SSC solution for 5 min, and air-dried. It
was then baked in a 80C vacuum oven for 90 min to
immobilize the DNA. The membrane was then wetted in a
5x SSC solution and incubated with rocking at 42 for 4

h in 20—40 mL of prehybridization solution (6 SSC, 5
Denhardt’s reagent, 0.5% SDS, 50% formamide) containing

fully degenerate PCR primers were constructed on the basis2 mg of salmon sperm ssDNA. The prehibridization solution
of the peptide sequences of GGGP synthase obtained asvas removed, and 2640 mL of hybridization solution (&

described above. The primers containédesminal EcoRI

or Hindlll restriction sites (underlined). Primers sequences
were as follows: sense primer NSPT82 GAA TTC ATG
AAR GTA GAR GAY TAY TTY CAY 3'; antisense primer
NAP, 5 AT AAG CCT GC DAT YTCIAC NGC YTC YTC

3'; antisense primer 1AP, AT AAG CTT CC IAA RAA
YTC NGC NGC CAT 3; antisense primer 2AP; AT AAG
CTT TC YTC IGG NAC RTG YTG 3 (I is deoxyinosine,
RisAorG,YisCorT,DisG, A orT,and N is G, A,
T, or C).

PCR reaction mixtures (1Q€L) contained 1 mM deoxy-
nucleotide, L of DMSO, 500 ng of\M. thermoautotrophi-
cumgenomic DNA, 5ug of primer pair NSP/NAP, NSP/
1AP, or NSP/2AP, and 8 units of Tag DNA polymerase.
The initial denaturation step was 4 min at 94, followed
by 30 cycles of PCR at 94C, 2 min at 37°C, and 3 min at
72 °C. A 500 bp PCR product from primer pair NSP/2AP
was purified on a 0.8% agarose gel and extracted with a
QIAEX gel extraction kit (Qiagen). Initial attempts to ligate
the PCR product into théecoRl and Hindlll sites of
pBluescript SK{-) failed. Instead, gel-purified DNA (1.69)
was phosphorylated fol h at 37°C with 20 units of T4
polynucleotide kinase. DNA polymerase | Klenow fragment
(9 units) was added, the concentrations of each deoxynucleo
tide were adjusted to 0.3 mM, and the solution was incubated
at 37°C for 30 min. The 500 bp blunt-ended fragment was
purified by Geneclean and ligated into ti&ma site of
pBluescript SK{) at room temperature overnight using 400
units of T4 DNA ligaseE. coli DH50. competent cells were
transformed with the ligation mixture and plated onto LB/
Amp/IPTG/X-gal plates. White colonies were screened by
restriction analysis usinBanH| and Hindlll, and positive
clones were sequenced. Plasmid pACII-174 contained a 50
bp insert (cN-2) encoding a polypeptide that matched the
determined peptide sequences.

Colony Lift Hybridization The partial gene sequence cN-2
in pACII-174 was amplified by PCR using the same
conditions as above with primers TSP 6IG AAG GTG
GAA GAT TA 3") and TAP (5CGC ACC CAG GGC CTG
GGC 3). After purification by Geneclean, the DNA probe
was labeled wit#?P by primer extension using the Prime-It
Gold kit (Stratagene).

Colonies were transferred to a Nylon-1 membrane (Gibco).

SSC, 0.5% SDS, 50% formamide) was added. The labeled
DNA probe was boiled for 5 min in 200 mL of 10 mg/mL
salmon sperm ssDNA and added to the hybridization solution
immediately. The sample was rocked at°42for 12—24 h.

The radioactive solution was removed, and the membranes
were washed twice for 5 min at room temperature with 100
mL of 0.1% SDS and & SSC solution, twice for 15 min at

42 °C with 100 mL of 0.1% SDS and 0X1SSC, and finally
once for 30 min at 65C with 100 mL of 0.1% SDS and
0.1% SSC. The membranes were wrapped in cellophane, and
positive colonies were visualized by exposing Crones-4 X-ray
film (DuPont) to the membranes for 24 h a0 °C.

Cloning of the Full-Length GGGP Synthase Gefe-
nomic DNA (4 uQg) isolated fromM. thermoautotrophicum
cells was completely digested by incubating with 0.2 unit
of EcaRl at 37°C for 30 min. The restriction fragments were
purified by Geneclean and ligated into the dephosphorylated
EcdRl site of pBluescript SK{) by incubation with 400 units
of T4 DNA ligase at 16°C for 8 h. E. coli XL1-blue
supercompetent cells (Stratagene) were transformed with 5

uL of ligation mixture and incubated in 1 mL of LB at 37

°C for 1 h before being plated on five LB/Amp/IPTG/X-gal
plates. The plates were incubated overnight a®@7 and

those that contained a confluent lawn of colonies were
screened by colony life hybridization using tf@-labeled
probe cN-2. Colonies from areas giving positive signals were
removed from the plates, resuspended in 1 mL of LB, and
replated after a series of dilutions. Plates containing-200
500 well-separated colonies were chosen for screening by a
second round of colony lift hybridization. Plasmids isolated
from positive isolated colonies from the second round were

0digested withEcoRI and analyzed by Southern blot hybrid-

ization using the cN-2 probe. A positive plasmid, pACIII-
37, was sequenced and found to contain a complete open
reading frame (orf) with N-terminal and internal regions
corresponding to the amino acid sequences determined for
GGGP synthase.

Recombinant GGGP Synthaséhree regions in pACIII-
37 were altered by site-directed mutagenesis using the Muta-
Gene Phagemid in vitro mutagenesis kit (Bio-Rad).Mad
restriction site was introduced that overlapped the start codon
for the GGGP synthase orf, andSal site was introduced

The membrane was placed on an agar plate until it wasdownstream from the stop codon. In addition, an internal
completely wet (32 min). The membrane was removed and Ndd site in the GGGP synthase orf was inactivated by a
dried on 3MM filter papers. Cells on the membrane were silent mutation. The reconstructed gene was excised by
restriction digest witiNdd and Sal and ligated into the same

2 Much of the cloning work described in this report was completed Sites of plasmids pTTQ18N and pARC306N by incubation
before the first publication of a complete archaeal genomic sequence.with 8 units of DNA ligase at 16C overnight. The two
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resulting plasmids, pACIII-73 and pACIII-74, respectively, glass culture tube containing 2 mL of water-saturated
were sequenced to verify the presence of the full-length gene.1-butanol. The contents were mixed thoroughly by vortexing
Because subsequent expression trials with pACIII-73 and for 10 s and allowed to stand for 10 min to allow the
pACIII-74 failed, the GGGP synthase gene was then sub- 1-butanol and aqueous layers to separate. The radioactivity
cloned into the pET-11b expression vector (Novagen). The in 1 mL of 1-butanol was determined by liquid scintillation
Sal site of plasmid pACIII-73 was changed tdBanH| site spectrometry. Control assays were run in an identical manner
by site-directed mutagenesis using the Gene Editor systemexcept that assay buffer was substituted for enzyme solution.
(Promega), and the GGGP synthase gene was excised byrhe efficiency of the 1-butanol extraction procedure was
digestion withNdd and BanHI and ligated into identical  assessed by performing a second extraction of the aqueous
sites in pET-11b. The resulting plasmid, pTJSIII-124, was layer with 2 mL of water-saturated 1-butanol. Radioactivity
sequenced to verify the presence of the full-length gene. in the 1-butanol layer of the second extraction was at
Competent cells oE. coli strain Epicurian coli BL21- background levels.
CodonPlus (DE3)-RIL (Strategene) were transformed with K. for (S-GP was determined from initial velocities

plasmid pTJSIII-124 and grown in LB medium containing measured at a saturating concentration of GGPPu({2}
100ug/mL ampicillin and 34ug/mL chloramphenicol at 30 6.8 or 13.6 nM enzyme, and varied concentrationsf (
°C with vigorous aeration. When the cell density reached [1-3H]GP (8-250 uM, 4 Ci/mol). Controls were run by
ODgoo = 1.0, IPTG was added to a final concentration of sybstituting buffer for enzyme at several different concentra-
0.5 mM to induce expression, and the culture was allowed tions of (§)-[1-3H]GP. K, for GGPP was determined at a
to grow for an additional 18 h before cells were harvested saturating concentration 08[1-3H]GP (100uM), 1.7 or

by centrifugation. Cells were resuspended in buffer A (50 6.3 nM enzyme, and varying concentrations of GGPP0.5

mM potassium phosphate, pH 7.5, 5 mM MgCh mM 10 uM). Kinetic constants were calculated using Grafit
BME, 200 mM NaCl) plus 1 mM PMSF and disrupted by software 4).

sonication on ice in two sequences of 30 s each. Cell debris

X ) . Native Molecular Mass Determinatio® 0.5 mL sample
was cleared by centrifugation at 12@0@r 10 min, and the ; P

ncubated at®Dfor 10 min. Precipitated of purified protein (-2 mg/mL) was loaded onto a Pharmacia
supernatant was incubated at8Dfor 10 min. Precipitate 16/60 Superdex 200 size exclusion column. The column was
proteins were pelleted by centrifugation, and the heat eluted at 0.5 mL/min with 50 mM potassium phosphate, pH
centrifugation cycle was repeated. The supernatant was then7 5, 5 mM MgCb, 5 mM BME, and 150 mM NaCl. Protein
loaded onto a 15( 25 cm I.DE52 column (Whatman) that standards were chymotrypsinogen (25 kDa), ovalbumin (43
had been preequmbrated with buffer A, and the col_umn was kDa), BSA (67 kDa), aldolase (158 kDa), catalase (232 kDa),
\L'va/Sh%d th)th buffer 38%[ a flow rart_]e O?fbl'o Ir_nL/n|1|n ulmlll'h and thyroglobulin (669 kDa). The apparent native molecular
absorbance at nm reached baseline 1evel. 1N€ 455 of GGGP synthase was calculated by plotting the log

column was then eluted with a 200 mL linear gradient of
. : of molecular mass of each of the standards veksysvhere
200-600 mM NacCl at a flow rate of 1.0 mL/min. Fractions Ka = (Ve — VO)/(Ve — Vo). Ve = elution volume of the

containing GGGP synthase, as determined by SPAGE, protein, Vo = void volume (39 mL), and/ = bed volume
were pooled, dialyzed overnight against buffer A, and (120 m,L). '

concentrated to approximately 5 mL with Centriprep 30 Protei les f ilibri di . :
concentrators (Amicon). The sample was loaded onto a rotein samples for equilibrium sedimentation experiments
were diluted into a buffer containing 50 mM Tris, pH 7.5,

Pharmacia 16/60 Superdex 200 size exclusion column that
had been preequilibrated with buffer A. The column was 10 mM MgCk, anq 15(.) m.M NaCI. Ten scans of ab_sorbance
at 280 nm vs radial distribution were collected with a step

eluted with buffer A at a flow rate of 0.5 mL/min, and . £ 0.001 ﬁ di ) ilibrium had b
fractions were pooled from individual UV-active peaks. The size ot . cm after sedimentation equili rium nhad been
dreached at 20°C. Samples were run at nine different

peak eluting at 64 mL contained active enzyme. The poole . ing f 25 10 0
fractions from this peak were dialyzed against two changes MONOMer concentrations ranging from 25 to 0/ at

of 1 L of buffer B (50 mM Tris, pH 7.5, 10 mM MgG) 5 1000@® and 14000.

mM BME) and concentrated with Centriprep 30 and Cen-  Analysis of Products by Electrospray Mass Spectrometry

tricon 30 concentrators (Amicon) to approximately 2 mg/ A 1 mL preparative scale reaction was carried out atG5

mL. Protein was stored at*€ until needed. Storage at20 in 10 mM Tris, pH 8.0, and 1 mM MgG] containing 225

°C in buffer B containing 10% glycerol resulted in dimin- M (§-GP (unlabeled) and 80g of GGGPS. GGPP was

ished activity. added slowly ovel h to afinal concentration of 56xM
Assay for GGGP Synthas&he enzyme was assayed at (2.5 equiv), and the reaction was incubated at65or an

55 °C in a buffer containing 50 mM Tris, pH 8.0 (at 38), additional 1 h. The white precipitate that formed was

10 mM MgCh, 5 mM BME, and 0.2% Tween 80 (Boe- removed by centrifugation, air-dried, and redissolved in a

hringer Mannheim). Stock solutions of enzyme were prepared 1:1 acetonitrile/water mixture for MS analysis.

in assay buffer, and stock solutions &-{3H]GP (4.0 Ci/ Sequence Alignments of PutatiArchaeal GGGP Syn-

mol) and GGPP were prepared in 25 mM MC04/0.2% thases Putative amino acid sequences for GGGP synthase

Tween 80. In a 1.7 mL microcentrifuge tube, assay buffer from seven archaeal species were identified from the Institute

(180uL) and enzyme solution (10L) were incubated at 55  for Genomic Research (TIGR) database and aligned with

°C for 5 min, and the reaction was started by addition of 10 ClustalW using the interface provided by Baylor College of

uL of a solution containing9-[*H]GP and GGPP. Assay = Medicine (http://dot.imgen.bcm.tmc.edu:9331/multi-align/

solutions were incubated at 3& for 1 min and quenched  multi-align.html). The organisms and primary loci numbers

by addition of 10QuL of 0.5 M EDTA. Saturated NaCl (0.5 are as follows:M. thermoautotrophicurrMTH552; Metha-

mL) was added, and the contents were then transferred to anococcus jannaschiMJ1250;Pyrococcus horikoshiPH1124;
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Pyrococcus abyssPAB0O735;A. pernix APE0621;Thermo- 1 2 3 4 5 6 7 8

plasma acidophilum Ta0995; Archaeoglobus fulgidys

AF0403. s G "

RESULTS = =
Peptide Sequences for GGGP Synthase N-terminal : :;

peptide sequence of 35 amino acids and four internal - —

sequences of-716 amino acids were determined from wild- e IR -

-

Marburg strain {1). The N-terminal sequence was MKVED

YFHDI LGERK IHLTL IDPEE QTPEE AVEIA, and the —

internal sequences were (1) (M)AAEFLG, (2) (M)RLFY - P

LEAGS GAPQH VPEE, (3) (M)GYLV VEPGG TVGXV Ly Y R -

GDTKP VPXNN P, and (4) (M)SLLN SNNPY XIIGA FicurRe 1: SDS-PAGE of samples from the purificati
QALXA P: W_here _X represents an unassigned amino acid. synthase. Lanes 1 and 8: 18 kDa moIecSIar ma;c;nrgfaﬁgr(sap(the
The methionines in parentheses were assumed as a consgowest band corresponds to 20 kDa). Lane 2: Supernatant from a
guence of the CNBr cleavage. Underlined regions were usedcrude extract oE. coli BL21-CodonPlus/pET-11b. Lane 3: Su-
to gesigr degenerate PCR primers. 24 uninduced. Lane 4. Supernatant fiom & crude oA of
: , ) : 0
OfPtER CI(_)nlng of abFragment (.)fctlhehGGGP Synt.hase ?ene coli BL21-C0donPIu_s_/pTgSIIIP124, induced. Lane 5: GGGP syn-
e various combinations tried, the primer pair NSP/2AP i35 after heat purification. Lane 6: GGGP synthase after DE52
(see Experimental Procedures) produced a single 500 bp PCRhromatography. Lane 7: GGGP synthase after size exclusion
product from genomid/l. thermoautotrophicurdNA. After chromatography.
attempts to ligate the fragment into tBedR| and Hindlll
sites of pBluescript SK¥) failed, the fragment was instead anion-exchange chromatography, and Superdex 200 size
cloned into theéSmad site of the same plasmid by blunt-end exclusion chromatography. Incubation of clarified cell
ligation. The insert in this clone was sequenced and was extracts at 60C for 10 min resulted in the precipitation of
found to encode the amino acid sequences that matched thosa substantial amount of endogendtiscoli protein. Most of
determined for purified GGGP synthase. The insert was the remaining protein contaminants were removed by DE52
amplified by PCR to give the DNA, designated cN-2, used chromatography. Size exclusion chromatography gave an
to probe a genomic library dfl. thermoautotrophicurbNA. active multimeric enzyme free from larger protein aggregates,
Cloning of the Full-Length GGGP Synthase GeReM. inactive monomeric protein, and unidentified lower MW
thermoautotrophicungenomic library was constructed in ~ contaminants.
pBluescript SK{) from EcoRlI fragments of fully digested Characterization of Recombinant GGGP Synthase. (i)
genomic DNA. More than 1000 colonies from the library Quaternary Structure of Recombinant GGGP Synthase.
were screened by two rounds of colony lift hybridization Monomeric GGGP synthase has a molecular mass of 25.8
using the®?P-labeled cN-2 probe. Fifteen of the colonies kDa as calculated from the translated amino acid sequence
contained a 3.6 kb insert that hybridized to the probe on a and runs at approximately 29 kDa on SBIBAGE. Chen
Southern blot. One of these, designated pACIII-37, was and co-workers11) reported that wt GGGP synthase was
sequenced and found to contain an orf encoding the N-most likely a pentamer, based on gel filtration chromatog-
terminal and internal amino acid sequences for GGGP raphy on a calibrated column. We found that recombinant
synthase. This orf was excised from pACIII-37 and sub- GGGP synthase eluted as a single peak on a calibrated
cloned into expression vectors pTTQ18N, pARC306N, and Superdex column at a retention volume corresponding to a
PET-11b to create pACIII-73, pACIII-74, and pTJSIII-124, molecular mass of 158 25 kDa. Because the Superdex
respectively. Initial attempts to express the gene in pACIIl- 200 16/60 column used in these experiments would not
73 and pACIII-74 gave crude extracts with GGGP synthase clearly resolve the individual oligomers in this molecular
activities of only~1 nmol min! mgt, and no visible band  weight range, we also conducted equilibrium centrifugation
that clearly corresponded to recombinant GGGP synthaseexperiments. The absorbance vs radius data at nine different
on SDS-PAGE. However, induced cultures Bf coli strain protein concentrations fit well to a model of a single
Epicurian coli BL21-CodonPlus (DE3)-RIL (Stratagene) oligomeric state with a native molecular mass of 137 kDa,
transformed with pTJSIII-124 gave specific activities for indicating that the catalytically active enzyme is a pentamer
GGGP synthase as high as Iufol min't mg?! and a (Figure 2).
correspondingly large band for GGGP synthase (Figure 1). (ii) Optimal Conditions for Enzyme Acity. Optimal
The genome of the CodonPlus strain contains extra copiesconditions for recombinant GGGP synthase activity were
of argy, ileY, and leuW, which encode the tRNAs that essentially identical to those reported for the native enzyme
recognize AGA and AGG (arginine), AUA (isoleucine), and (11). The enzyme had maximal activity at 856 in buffer,
CUA (leucine). These codons are used frequently by ArchaeapH 6—9, containing at least 1 mM Mg. Under these
and Eukaryotes and only rarely i coli. In general, better ~ conditions, the enzyme is stable for at least 10 min. GGGP
expression was obtained at lower growth temperatures (25synthase was less active when ¥gvas replaced by M
or 30°C) and longer incubation times-(L8 h) after induction or Zrét,
with IPTG. (i) Steady-State Kinetic Constants for Recombinant
Purification of Recombinant GGGP SynthaseGGP GGGP SynthaseUnder the assay conditions described in
synthase was purified in three steps: heat precipitation, DE52Experimental Procedures, GGGP synthase was stable. The

type GGGP synthase purified froluh. thermoautotrophicum - ! . ’ ! - -
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Table 1: Kinetic Data for Recombinant and Native GGGPS
kcat KmGGPP KmGP Tmax

(s (uM) (uM) (°C)  pHmax
native 0.35+0.04 4.1+1.1 41+5 50-65 6.0-7.5
recombinant 0.34- 0.03 0.51+0.05 13.5-1.0 50-60 6.0-9.0

2 Native enzyme was isolated from cell-free extractd/ofthermo-
autotrophicum(Chen et al., 1993). Recombinant enzyme was produced
T in E. coli (this study).

protein

residuals

-0.02

Michaelis constants werk(9~¢? = 13,5+ 1.0 uM and
KnGCPP = 506 + 47 nM. Values forke and K,9-¢P
determined in this study for the recombinant enzyme were
very similar to those reported by Chen and co-workads. (
However, K,®CPP for native GGGP synthase was 8-fold
higher than we found for the recombinant enzyme. Upon
discovering this difference, we carefully checked the purity
and concentration of our substrates. Perhaps the difference
is the result of a mutation introduced during PCR cloning,
but at this point we have no definitive evidence to explain
the difference. These data are summarized in Table 1.

Product Analysis by Electrospray Mass Spectomeiy
negative ion electrospray mass spectrum of the product from
a large-scale reaction had a prominent peakv/at= 443.2,
as expected for GGGP. A peakratz = 715 was not seen,
indicating that diether DGGGP was not formed in this
Protein samples were centrifuged at 109Q8olid circles) and reaction, even in incubations when excess GGPP was used.

800Qy (open circlesAzgo values offset for clarity). The quality of  |n a control reaction in which enzyme was omitted, the peak
fit to a pentamer model with a native molecular mass of 137 kDa atm/z = 443.2 was absent.

was assessed by plotting residuals. ) _ )

Analysis of the Amino Acid Sequence for GGGP Synthase
rate of GGGP synthesis was linear for at least 75 s and 20%The gene for GGGP synthase frdvh thermoautotrophicum,
conversion for low GGPP concentrations (@8) and up Marburg strain, encodes a protein with 245 amino acids.
to 90 s and 16% conversion for low GP concentrations (7 After completion of much of the genetic work described in
uM GP, 20uM GGPP). At higher substrate concentrations this report, the total genome sequenceMfthermoauto-

(5 uM GGPP, 10uM GP), the reaction was linear at least trophicum AH, was reported 25). The putative GGGP

up to 180 s and 20% conversion of GGPP. Under optimal synthase gene from thH strain also encodes a protein of
conditions (55°C in 50 mM Tris, pH 8.0, 10 mM MgG| 5 245 amino acids. There is 88% identity between the two
mM BME, 0.2% Tween 80)Vnax = 4.0 £ 0.1 umol min™* DNA sequences and 94% identity between the translated
Mg ! (keat= 0.344 0.03 s* for pentameric GGGP synthase). amino acid sequences. The amino acid sequence of GGGP

AZW

Lo b g 1
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Ficure 2: Equilibrium centrifugation data for GGGP synthase.
Experiments were done at monomer concentrations of 25, 12.5,
and 6.25uM. Aygo values are referenced to an arbitrary radigis
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Ficure 3: Alignment of amino acid sequences for putative GGGP synthases from seven archaebacteria. Sequences were identified from
a BLAST search with theM. thermoautotrophicunsequence as a query. Line B. horikoshii Line 2: P. abyssi Line 3: M.
thermoautotrophicumLine 4: T. acidophilum Line 5: A. pernix Line 6: M. jannaschii Line 7: A. fulgidus Asterisks denote identical

or similar residues. Bold letters in tid. thermoautotrophicursequence denote conserved residues other than alanine, valine, leucine, and
isoleucine. Numbers on the top line of each grouping are global sequence numbers.
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synthase fronM. thermoautotrophicupstrainAH, was used ~ for GGGP. No molecular ion was detectedwz = 715 for

in a BLAST search to identify putative GGGP synthase DGGGP. These observations agree with a previous report
sequences from six other archaeal species. It is likely that(3) that the activities for GGGP and DGGGP synthesis
the sequence frorA. pernixactually encodes a farnesylgera- resided with two different enzymes that separated into
nylglyceryl phosphate synthase, based on the observation thatytosolic and membrane-bound fractions, respectively.

the membrane lipids in this species contajg I§/drocarbons An alignment of putative GGGP synthase sequences from
(9, 10). An alignment of the sequences reveals significant seven archaeal genomes (Figure 3) reveals the existence of
homology (Figure 3), including five acidic aspartate/ several conserved aspartate and glutamate residues. Although
glutamate residues and a basic lysine/arginine residue. Innone of the aspartates or glutamates constitute motifs similar
addition, there are two conserved prolines, three conservedio the DDxxD sequence seen in many of the enzymes that
serine/threonines, three conserved aromatic residues, and fiveatalyze prenyl transfer to carbeparbon double bonds,
conserved glycines, including a completely conserved GGG conserved arginine/lysine, serine/threonine and tyrosine
motif. residues raise the possibility that the diphosphate binding
pocket in GGGP synthase resembles that of protein farne-
syltransferase. In addition, two prolines and five glycines,
including a GGG motif, are conserved in GGGP synthase.
At this point additional structural studies are needed to
characterize the architecture of the active site of this enzyme
nd to identify the residues that are important for substrate
inding and catalysis.

DISCUSSION

One of the most characteristic molecular features that
distinguish the Archaea from other organisms is the structure
of their membrane lipids. Until recently, little was known
about the enzymes responsible for biosynthesis of archaeaf)l
lipids. Synthesis of GGGP and DGGGP, the first two
gommitted inte_rmediates in archaeql lipid biosynthesis, was AckNOWLEDGMENT
first detected in cell free preparations b thermoauto-
trophicum(3), where it was found that GGGP synthase was ~ We thank Dr. Lacy Daniels for providing cell pasteMf
cytosolic and DGGGP synthase was associated with thethermoautotrophicumDr. Elliott Rachlin for electrospray
membrane. Subsequently, thle thermoautotrophicufGGGP ~ mass spectra, and Dr. David Myszka for conducting the
synthase was purifiedL(). equilibrium sedimentation experiments.
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