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　　Abstract　　Human geranylgeranyl pyrophosphate synthase(GGPS)is an enzyme that catalyzes the synthesi s of geranylgeranyl py-
rophosphate(GGPP)f rom farnesyldiphosphate and isopentenyldiphosphate.Recombinant human GGPS w as crystallized by the hanging-

d rop vapor dif fusion method.Crystals w ere grow n at 18℃ using PEG 4000 as precipi tant.Diff ract ion data were obtained to a resolu tion
of 2.8  f rom a single f rozen crystal belonging to space group P1 , wi th uni t-cell parameters:a=68.9  , b=107.7  , c=137.4  ,

α=99.6°, β=97.6°, γ=97.8°.
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　　Geranylgeranyl pyrophosphate synthase(GGPS)
is a member of the prenylt ransferase family and en-
codes a protein w ith geranylgerany l pyrophosphate

(GGPP ) synthase act ivity . Prenylt ransferases

(preny l diphosphate synthase)catalyze the condensa-
tion of isopentenyl diphosphate w ith allylic diphos-
phate to produce isoprenoids of various chain lengths ,
which are precursors for numerous types of isoprenoid

compounds such as steroids , respiratory quinoes and
preny lated pro teins.These enzymes are classified ac-
co rding to the chain length of the final product and

the geometry formed by the double bonds in a con-
densation reaction(trans- or cis- ty pe).The short-,
medium-, and long-chain preny ltransferase yields

C10-25 , C30-35 , and C40-50 products , respective-
ly[ 1] .

Comparison of the amino-acid sequence has re-
vealed that tw o highly conserved aspartate-rich mo-
tifs , FARM (the first aspartate-rich mo tif) and

SARM (the second aspartate-rich mo tif), act as
binding sites for allylic substrates and isopentenyl

diphosphate respectively[ 2] .A crystal st ructure of a-
vian farnesy l diphosphate synthase (FPS) revealed

that α-helices consti tute a reaction cavity in the center
of a subunit of the enzyme , and that FARM and

SARM exist in distinct α-helices and face each other
on dif ferent sides of the rim of the cavity

[ 3]
.Several

mutagenic studies have revealed that aromatic amino

acids , f requent ly found at the fourth or fif th posit ion
before FARM and two amino acids inserted into

FARM , are called the chain-length determinant re-
gion(CLD)of the short-chain enzymes , which fix
the chain-length of products in sho rt-chain (all-
t rans)prenyl diphosphate synthase.It is thought
that these aromatic amino acids are involved in the

fo rmation of the bot tom of a react ion cavity to prevent

further elongation of the preny l chain of the final

products
[ 4—7]

.

Gerany lgeranyl py rophosphate(GGPP)synthase
(GGPS)catalyzes the synthesis of all-trans-geranyl-
geranyl py rophosphate f rom farnesyldiphosphate

(FPP)and isopentenyl diphosphate (IPP).GGPP ,
of which carbon chain length is C20 , is used as pre-
cursor in the synthesis of carotenoids , geranylger-
anylated protein , and chlorophylls.These GGPS are
classified into three types based on their amino acid

sequences:type-I (archaea)and type-II (plants and
eubacteria)and the type-III GGPS found in eukary-
otes (except plants).For type-I GGPS , a large

amino acid occupies the 4th or 5th position prior to

the first DDxxD mo tif to block further elongation of

the final product;type-I I GGPS contains tw o amino
acids inserted w ithin the first DDxxD motif , and
type-III GGPS lacks any bulk amino acid at these po-
sitions.Mutagenic analysis showed that the histidine
residue at the second position before the conserved G



(Q/E) motif of the type-III gerany lgerany l py-
rophosphate synthase f rom Saccharomyces cerev isiae

affects the chain length of product and might function

in a manner similar to those of the aromatic amino

acids before FARM in some o ther short-chain en-
zymes[ 8] .

The gene encoding GGPS w as localized in human

chromosome band 1q43[ 9] .GGPS mRNA is ubiqui-
tously expressed in various human tissues and encodes

a pro tein of 300 amino acids.Here we report the pu-
rification , crystallization and preliminary crystallo-
g raphic studies of human GGPS in order to under-
stand the function and properties of this protein more

clearly.

1　Materials and methods

1.1　Protein expression and purif ication

The GGPS gene w as amplified using the poly-
merase chain reaction (PCR)method.The forw ard
primer 5′-CGGGATCCATGGAGAAGACTCAAGA-
AACAG-3′ and the reverse primer 5′-CCGCTC-
GAGTTAT TCATTTTCTTCTTTGAAC-3′were de-
signed.The PCR product was digested w ith BamH I

and Xho I , purified and ligated into the BamH I and

Xho I rest riction sites of the pGEX-6p-1 vecto r

(Pharmacia).The recombinant plasmid w as t rans-
formed into Escherichia coli strain BL21(DE3).The
transformed cells w ere then cultured at 37℃ in LB

medium containing 50 μg/mL Ampicillin.When the
culture density reached an A600 of 0.6—0.7 , 0.4
mmol/L isopropyl-β-D-thiogalactopy ranoside (IPTG)
was int roduced and cell grow th continued for 14—16
hours at 16℃.After cultivation , the cells were har-
vested by centrifugation at 5000 g fo r 10 min.

The bacterial cell pellet w as resuspended in 1×
PBS buf fer(140 mmol/L NaCl , 2.7 mmol/L KCl ,
10 mmol/L Na2HPO4 , 1.8 mmol/L KH2PO4 , pH
7.3)and was homogenized by sonication.The lysate
w as centrifuged at 20000 g for 30 min to remove the

cell debris.The supernatant w as applied to Glu-
tathione Sepharose 4B matrix column and the contam-
inant protein was w ashed of f with the 1 ×PBS

buffer.The fusion GGPS protein w as then cleaved by
PreScission protease at 4℃ to remove the N-terminal
g lutathione S-transferase (GST)tag and the target

GGPS protein was eluted w ith 1×PBS buf fer.The
protein w as introduced into a Resource Q (Amersham
Pharmacia , USA)ion-exchange chromatography col-

umn equilibrated w ith 20 mmol/ L Tris pH 8.0 and e-
luted w ith a linear g radient of 0—500 mmol/L NaCl
in the same buf fer.The pooled fractions w ere further
purified by gel filt ration using a Superdex200 HR 10/
30(Amersham Pharmacia , USA)column equilibrat-
ed wi th 20 mmol/L Tris pH 8.0 , 150 mmol/L Na-
Cl.The purity of GGPS was estimated to be greater
than 95%by SDS-PAGE.

1.2　Crystallization

The purified protein w as dialyzed against crystal-
lization buf fer(5 mmol/L Tris-HCl pH 8.0 , contain-
ing 20 mmol/L NaCl , 5 mmol/L MgCl2 , 2 mmol/L
DTT)and concentrated to 15 —20 mg/mL.Protein
concentration w as determined by absorbance at 280

nm , assuming an A280 of 1.040 for a 1.0 mg/mL so-
lution.Crystallization trials were perfo rmed by the

hanging-drop vapor-dif fusion method at 18℃ in 16-
well plates.Hampton Research Cry stal Screen Ki ts I
and II (Riverside , CA , USA)were used for init ial
screening crystallization trials.Micro crystals w ere

obtained w ith reagent No.17 of Crystal Screen I ,
which contains 30%PEG4000 , 0.1 mol/L Tris HCl

pH 8.5 , 0.2 mol/L lithium sulfate.Well-dif fracting
crystals of GGPS w ere obtained by mixing 1.2μL of
the GGPS protein solution w ith 0.25μL 30%(w /v)
1 , 6-hexanediol as an additive and 1.0 μL reservoir

solution(0.1 mol/L MES pH 6.2 , 0.2 mol/L lithi-
um sulfate , 15% PEG4000), and equilibrat ing w ith
200 μL of the reservoir solution.Crystals w ere ob-
tained w ithin 5 days(Fig 1).

Fig.1.　A single crystal of GGPS.

1.3　X-ray crystallog raphic studies

A set of diff raction data w as collected f rom a sin-
gle GGPS crystal in house on the Rigaku MM-007 ro-
tating copper anode X-ray generator operated at 40
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kV and 20 mA(λ=1.5418  )with a R-AXIS IV++
detector.Crystals w ere picked up from the hanging

drop with a nylon cry stal loop (Hampton Research ,
USA)and then flash-frozen prio r to data collection at
100 K using the reservoir solution as cryoprotectant.
The cry stal to detecto r distance was 150 mm.A to tal

of 720 rotation images w ere collected w ith an oscilla-
tion angle of 0.5°w ith the exposure time of 300 sec-
onds fo r each image.Data processing and scaling w as
perfo rmed using HKL2000 program and

SCALEPACK[ 10] .

2　Results and discussion

We initially obtained dozens of GGPS cry stals

using the reservoir solution containing 0.2 mol/L

lithium sulfate and 15% PEG4000 in 0.1 mol/L
MES pH 6.0 , because there were too many crystals
in a sing le drop , which influenced the quali ty of

them , they w ere unsui table for X-ray diff raction.
Therefore , further cry stallizat ion optimization was

performed by adding additives to the reservoi r solu-
tion in order to increase the size of crystal and im-
prove their quality.Fortunately , a few additives , es-
pecially 3%(w/v)1 ,6-hexanediol have obvious effects
on the crystal quali ty.Cry stals g row n from the opt i-
mized reservoir solution containing 0.1 mol/L MES

pH 6.2 , 0.2 mol/ L lithium sulfate , 15%PEG4000
w ith 3%(w/v)1 , 6-hexanediol as an additive w ere

found to be mo re suitable for X-ray dif f raction and

diff racted to 2.8  resolution finally (Fig.2).

Fig.2.　A typical dif fraction image of GGPS crystals.

　　The crystal belongs to a primitive triclinic lat-
tice , w ith unit-cell parameters a =68.9  , b =
107.7  , c=137.4  , α=99.6°, β=97.6°, γ=
97.8°.Self-rotation function and solvent content sug-
gest that each asymmetric unit may contain twelve

molecules.Assuming that there are tw elve molecules
per asymmetric unit(MW=35.3 kD), Mathew s co-

efficient[ 11] is 2.4  
3
Da
-1

w ith solvent content of

48.1%(Table 1).Complete data-collection statistics
are show n in Table 2.

Table 1.　The result of Matthews coefficient calculation

Nmol/ asym Matthew s Coeff( 
3
Da-1) So lvent(%)

10 2.9 56.7
11 2.6 52.4
12 2.4 48.1
13 2.2 43.8
14 2.0 39.4

Table 2.　Data collection and processing statistics

Parameters GGPS crystals

Space group P1

Unit-cell parameters a=68.9  , b=107.7  , c=137.4  
α=99.6°, β=97.6°, γ=97.8°

Resolution( ) 50.0—2.8

Total observ ations 300812

Unique reflections 92829

Redundancy 3.3(2.8)

Completeness(%) 96.9(94.4)

Rmerge
a)(%) 10.0(46.2)

Average I/ σ(I) 8.1(2.2)

　　a)R merge=hl I ih -〈 I h〉 / hI〈 I h〉, w here 〈 I h〉 is
the mean of the observations I ih of reflection h.Numbers in
parentheses are co rresponding values for the highest resolution

shell.
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The result of BLAST[ 12] showed that there were

six homologous structures in PDBank.Howerver , the
highest sequence identity is only 29%.Besides , there
are too many molecules(10 to 14)in one asymmetric
unit of the GGPS crystal , which makes it difficult to
get phasing using molecular replacement method.
Crystallization of selenomethionine-labled GGPS and

heavy atom derivative are now in progress.
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