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Isoprenoids are the most diverse and abundant group of natural products. In plants, farnesyl diphosphate (FPP) and
geranylgeranyl diphosphate (GGPP) are precursors to many isoprenoids having essential functions. Terpenoids and sterols are
derived from FPP, whereas gibberellins, carotenoids, casbenes, taxenes, and others originate from GGPP. The corresponding
synthases (FPP synthase [FPPS] and GGPP synthase [GGPPS]) catalyze, respectively, the addition of two and three isopentenyl
diphosphate molecules to dimethylallyl diphosphate. Maize (Zea mays L. cv B73) endosperm cDNAs encoding isoprenoid
synthases were isolated by functional complementation of Escherichia coli cells carrying a bacterial gene cluster encoding all
pathway enzymes needed for carotenoid biosynthesis, except for GGPPS. This approach indicated that the maize gene products
were functional GGPPS enzymes. Yet, the predicted enzyme sequences revealed FPPS motifs and homology with FPPS enzymes.
In vitro assays demonstrated that indeed these maize enzymes produced both FPP and GGPP and that the N-terminal sequence
affected the ratio of FPP to GGPP. Their functionality in E. coli demonstrated that these maize enzymes can be coupled with a
metabolon to provide isoprenoid substrates for pathway use, and suggests that enzyme bifunctionality can be harnessed. The
maize cDNAs are encoded by a small gene family whose transcripts are prevalent in endosperm beginning mid development.
These maize cDNAs will be valuable tools for assessing the critical structural properties determining prenyl transferase specificity

and in metabolic engineering of isoprenoid pathways, especially in cereal crops.

With more than 30,000 identified compounds, iso-
prenoids are the oldest, most abundant, and structur-
ally diverse natural products (Lange et al., 2000; Kharel
and Koyama, 2003). In plants, isoprenoids and their
derivatives are involved in a number of important
processes, including photosynthesis and photoprotec-
tion, defense, regulation of growth and development,
and attracting animals involved in pollination and
seed dispersion (DellaPenna, 1999). Some isoprenoids
are substrates for pathways leading to the production
of the pharmaceutically relevant taxenes and casbenes.
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Protein prenylation, a posttranscriptional addition of
farnesyl and geranylgeranyl groups, is part of signal
transduction, intracellular trafficking, and tissue dif-
ferentiation in plants (Crowell, 2000). The complexity
of isoprenoid biosynthetic pathways is manifest from
the scores of genes and proteins reported to date and
the large number of genes predicted from analysis
of the Arabidopsis (Arabidopsis thaliana) genome
(Lange and Ghassemian, 2003).

Isoprenoid biosynthesis proceeds through sequen-
tial 1—4’ condensations of isopentenyl diphosphate
(IPP; Cs5) with an allylic acceptor, the first of which is
dimethylallyl diphosphate (DMAPP; C;). This reaction
is catalyzed by highly conserved prenyl transferases
and the elongation stops at discrete chain lengths,
depending on enzyme specificity (Ogura and Koyama,
1998). The final size of the isoprenyl product is deter-
mined by the bulk of the lateral groups of certain
amino acyl residues located in a hydrophobic pocket
in the enzyme, as evidenced by x-ray crystallography
and kinetic studies of wild-type avian farnesyl di-
phosphate synthase (FPPS; EC 2.5.1.1 and EC 2.5.1.10)
and mutated enzymes in which such amino acyl
residues have been substituted (Tarshis et al., 1996).
The active site in each one of the two subunits in the
FPPS homodimer accommodates an acceptor DMAPP,
and two IPP molecules are successively added to form
farnesyl diphosphate (FPP; C,5). Further elongation of
FPP is prevented by aromatic lateral groups from
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amino acyl residues located at the fourth and fifth
positions before the first aspartate-rich motif (FARM:
DD(XX),,D...RRG). A second aspartate-rich motif
(SARM: FQ...DDXXD) also appears to be essential
for catalytic function (Koyama, 1999). The sequence
preceding a GQ motif may play a role in chain-length
determination, at least in some geranygeranyl diphos-
phate synthases (GGPPS; EC 2.5.1.29; Koyama et al.,
2000). In most GGPPS enzymes, the fourth and fifth
amino acyl residues before the FARM have small,
nonaromatic groups, allowing the elongation to ger-
anylgeranyl diphosphate (GGPP), a C,,. Other factors
such as subunit composition and steric interactions
may contribute to determine isoprenoid product size,
as it is in the case of geranyl diphosphate synthase
(GPPS) from Mentha piperita (Burke and Croteau,
2002).

One approach to isolating genes encoding isopren-
oid synthases is to couple genes encoding these en-
zymes with a downstream pathway that acts as a
reporter of functional enzyme activity. A valuable re-
porter system is the carotenoid biosynthetic pathway
that converts isoprenoid precursors to easily detected
colored products (Cunningham et al., 1993; Gallagher
et al, 2003). Several bacterial groups, including
Erwinia and Rhodobacter (Armstrong et al., 1990;
Misawa et al., 1990; Math et al., 1992), and fungi such
as Neurospora crassa (Carattoli et al., 1991, Sandmann
et al., 1993) possess a gene cluster, crt, that makes
them capable of synthesizing carotenoids. There are
six genes in the Erwinia uredovora cluster and most of
the encoded enzymes (Fig. 1) have a counterpart in
higher plants. When expressed in an appropriate mi-
crobial host, this cluster directs synthesis of the yellow
carotenoid derivative zeaxanthin-B8-b-diglucoside. A
gene encoding GGPPS, crtE (Misawa et al., 1990; Math
et al., 1992), ensures the supply of GGPP, the direct
precursor of carotenoids. In the absence of crtE, carot-
enoid accumulation is greatly reduced and colonies
are colorless (Misawa et al.,, 1990; Li et al., 1996;
Hirschberg et al., 1997; Oh et al., 2000). Complemen-
tation of the gene cluster deleted for crtE (Sandmann
and Misawa, 1992) facilitated functional identification
of maize (Zea mays) cDNAs encoding enzymes with
GGPPS activity. Further characterization revealed that
these enzymes were bifunctional, having both FPPS
and GPPS activities.

RESULTS
Functional Screening to Identify Maize GGPPS cDNAs

As a preliminary step to identify maize GGPPS
cDNAs, the E. uredovora carotenoid gene cluster de-
leted for crtE was used for functional complementa-
tion screening of maize B73 inbred endosperm cDNAs.
In the absence of GGPPS encoded by crtE, cells were
unable to accumulate the pathway end product,
zeaxanthin-B-b-diglucoside, unless a plant cDNA en-
coding a functional enzyme was introduced. Visual
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Figure 1. Biosynthetic pathway for zeaxanthin, directed by the Erwinia
crt cluster in E. coli, and color complementation strategy. CRTE,
Bacterial version of GGPPS; CRTB, phytoene synthase; CRTI, phytoene
desaturase; CRTY, lycopene B-cyclase; CRTZ, B-carotene hydroxylase;
CRTX, zeaxanthin glucosyl transferase.

screening of approximately 30,000 colonies of Esche-
richia coli TOP10F' harboring both pACCAR25AcrtE
(referred to as AcrtE) and library-derived cDNAs in
pBluescript II SK (—) resulted in six colonies that
accumulated zeaxanthin-B-D-diglucoside, as evidenced
by the yellow color not seen in other transformants,
and which was confirmed by retransformation. The
isolated and related maize cDNAs were 1.42 kb (e.g.
pME14D1184) or 1.25 kb (e.g. pME14D1268), either
size being sufficient for functional complementation.

Carotenoid Analysis

To confirm the identity of the yellow pigment in
the AcrtE/maize cDNA double transformants as
zeaxanthin-B-D-diglucoside, organic extracts from the
double transformants and controls were analyzed by
reversed-phase HPLC (Fig. 2). Figure 2A shows a
chromatogram for pigments accumulating in E. coli
TOP10F' carrying AcrtE and maize long clone,
pME14D1184. By comparison with carotenoids iso-
lated from pACCAR25 (Misawa et al, 1990) and
PACCAR25AcrtX cells (Misawa et al., 1990; data not
shown), peak 1 corresponds to the pathway end prod-
uct zeaxanthin-B-D-diglucoside (Sandmann et al,
1998), and peak 2 to free zeaxanthin (Yokoyama et al.,
1996), both of which showed predicted spectra (Fig. 2,
F and G). The shoulder on the descending slope of
peak 1 corresponds to the monoglucoside derivative
produced when zeaxanthin becomes limiting (Hundle
et al., 1992). Figure 2B also showed zeaxanthin peaks
for AcrtE cells carrying the shorter maize cDNA
PME14D1268, confirming GGPPS activity of its gene
product. The total accumulated product for the long
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Figure 2. HPLC analysis of carotenoids from E. coli TOPTOF cells containing plant cDNAs and the Erwinia AcrtE construct.
Besides pACCAR25AcrtE, double transformants contained either maize long clone pME14D1148 (A), maize short clone
pME14D1268 (B), G. lutea pUCggpps (C), G. lutea pBS-FPS (D), or empty vector pBluescript Il SK(—) (E). Absorption spectra
and A, for peaks 1 (zeaxanthin-B-p-diglucoside) and 2 (zeaxanthin) in section A are shown in panels F and G, respectively.

max

Peaks 1 and 2 in all chromatograms displayed the same spectra.
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clone was 67-fold, and for the short clone 55-fold,
compared to the negative control, empty pBluescript II
SK (—) vector (Fig. 2E), whose negligible production
was due to background GGPP synthesis (Chamovitz
etal., 1992; Sandmann and Misawa, 1992; Kainou et al.,
2001). For comparison to other prenyl transferases,
complementation of AcrtE was tested with Gentiana
lutea cDNAs previously demonstrated to encode
GGPPS (pUCggpps; Zhu et al.,, 2002) or FPPS (pBS-
FPS; C. Zhu and G. Sandmann, unpublished data). As
shown in Figure 2C, complementation with the G. [utea
GGPPS resulted in combined zeaxanthin/zeaxanthin-
glucoside peaks that were 552-fold over the negative
control (Fig. 2E) and 8- to 10-fold higher levels com-
pared to the short and long maize clones, respectively.
Similar results (data not shown) were also obtained
with Hevea brasiliensis GGPPS encoded by pHBGG6
(Takaya et al., 2003). This suggests that there is some
variation in either expression or perhaps structure of
the encoded maize and bona fide GGPPS enzymes. In
contrast, complementation with G. lutea FPPS (pBS-
FPS; Fig. 2D) yielded product that was 156-fold lower

1 tccctecectecttecttectteeccecgecactgegecagegegagtgeggcgacagecagt

60 cacacactcacactccctecgaccgeteteggeccecgtecgegtegeegecagggegaggag

Maize cDNAs Encode FPPS with GGPPS Activity

than that of the bona fide GGPPS and barely above
background levels obtained when using the negative
control (Fig. 2E). When compared to the G. lutea FPPS,
the maize cDNAs yielded 16-fold (short clone) and
19-fold (long clone) more pathway end product. There-
fore, while the inferred GGPPS activity of the bona fide
GGPPS was about 8- to 10-fold greater than the maize
enzyme, this maize enzyme produced as much as
19-fold greater product compared to a known FPPS.
Our HPLC data confirmed that similar to a bona fide
GGPPS cDNA, the maize cDNAs encoded enzymes
yielding GGPP required for zeaxanthin production
with activity based on this indirect measurement that
was significantly greater than that obtained using a
known FPPS.

Sequence Analysis of Maize cDNAs

The functional GGPPS endosperm cDNAs from
maize were sequenced and found to be virtually
identical. Figure 3 shows the nucleotide and predicted
amino acid sequences for one long (pME14D1184) and

Figure 3. Nucleotide sequence of clone
pME14D1184 and predicted amino acid
sequence. Two DD(XX), ,D motifs, char-
acteristic of prenyl transferases, are un-

120 gcaatggcggcgggcgggaatggcecgeccggeggggacaccagggeggecttegegeggate derlined. Nucleotides in the putative
M A A G G NG A G[G]D T R A A F A R I 19 . . .
180 tacaagacgctcaaggaggagctgctcaccgacceggecttecgagttcaccgaggagtea pohﬂdgnﬂanon signal are in bdd and
Y XK T L K E F L L T b P A F ETF TE E 8§ 39 underlined. The GenBank accession num-
240 cgccagtggatcgaccgcatggttgactacaatgtactcggaggcaagtgtaaccgtggg ber for clone pME14D1184 is AF330036.
R Q W I DR MV D YNV L G G XK CNUR G 59 The [G] at position 70 marks the beginning
300 ctctctgtggtcgacagctacaagetgectcaagggcgetgatgectetgggcgaggaggaa of a shorter clone (pME14D1268, with
L §s vvDbDS Y K LULI KGADA ATILGE E E 79 GenBank accession number AF330037).
360 acgttccttgcttgcaccctcocggetggtgcattgaatggecttcaggetttectttettgtyg The c at position 30 is a tin pME14D1130
TFLACTLSGWCIEWTLOATFTFLWV 99 but does not affect the translated se-
420 cttgatgatatcatggatgactctcacactcocgtcgeggecagecttgetggttcagggtyg
L DDIMODODSHTT RT ERRSGTE OQPCTWFR V 119 quence.
480 cctcaggttggcttaattgctgecgaatgacgggatcatccttegecaaccatatetecacgg
P Q V 6 L I A A NUDGTIIULRNUHTI S R 139
540 atccttcggcgccactttaagggcaaaccttactatgectgatctecttgatttgttcaat
I L. R R H F K GG K P Y Y A DL L D L F N 159
600 gaggttgagttcaagacagcttcaggtcagectgctggaccttatcactacccatgaggga
E V EF K T A S G QL L DL I T THE G 179
660 gaaaaagatctaacaaagtataacataacagttcacggtcgaattgttcaatacaagaca
E K DL T XK Y NI TV HGI RTIV Q Y K T 199
720 gcctattattcattttatctgecggttgecatgtgecectgetgetetetggecgagaatttg
A 'Y Y S F YL P VA CA ATLTLTULS G E N L 219
780 gacaattatggtgatgtagagaacatccttgttgaaatgggaacatactttcaagtccag
D N Y G DV ENTIILV EMGTYF Q V Q 239
840 gatgactatctggattgttatggtgatcctgaatttatcggcaagattggaacggacatt
b by LD CY GGDUPET FTI G K I G TDI 259
900 gaagattacaagtgctcatggctagttgtgcaagecccttgagegtgetgatgagagecaa
E DY K C S WL VYV Q ATLET R ATDE S @Q 279
960 aagcgcattctatttgaaaattatggcaagaaagatccagectgtgtggcaaaagtgaag
K R I L F E N Y G K K D P A C V A K V K 299
1020 aacctctacaaagaacttgacctagaggcggtatttcaggagtacgagaatgagagctac
N L Y K E L D L E A V F Q E Y E N E S Y 319
1080 aagaagctgattgcagacattgaagcccagccaagcattgcggttcagaaagtgctgaaa
XK K L. T A DI EAQ P S I AV Q K V L K 339
1040 tccttecttgcacaagatctacaagaggcagaagtagggtgctettggataaacgagetcea
S F L H XK I Y K R Q K 350
1200 ggagtcgttactccttecgecatgettgacataaccggacttectcacctggttgetectagt
1260 agttaaaaaaaatcgatgtagtatgaagcaccttgctgctctgaatattaacaggcaatt
1320 aaggatgatgtggagcgtctcaaggtgctgttteggtttggtggaccgecatgttgecagat
1380 aataaattagttgttttgtc
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one short cDNA (pME14D1268) that were deposited in
GenBank (AF330036 and AF330037, respectively). Ex-
cluding the vector-encoded N-terminal 3-galactosidase
fragment, the peptide encoded by the longer func-
tional GGPPS clone (pME14D1184) was 391 residues
(44.1 kD). However, if counting from the first methi-
onine, the predicted peptide was only 350 residues
(40.0 kD), which is still greater than the 341 residue
(39.4 kD) peptide encoded by the shorter functional
clone (pME14D1268).

Having employed a GGPPS functional complemen-
tation strategy to isolate the maize cDNAs, we pre-
dicted homology of the isolated clones to other GGPPS
genes. Instead, BLAST searches (Altschul et al., 1997)
produced a surprising homology to a truncated but
otherwise identical FPPS clone from maize inbred
W64A (GenBank 1.39789; Li and Larkins, 1996). Fur-
thermore, BLAST searches showed that our maize
clones, although enabling the synthesis of zeaxanthin-
B-bD-diglucoside, shared characteristic signatures with
other FPPS sequences, including FARM, the chain-
length-determining (CLD) region, and the GQ motif.
Additionally, the SARM predicted from the maize
isoprenoid synthase clones was identical to that in
rice (Oryza sativa) and Arabidopsis FPPS enzymes (Fig.
4). Based on characteristics of the CLD region and
the sequence preceding the GQ (Hemmi et al., 2003),
the polypeptides encoded by the maize clones corre-
sponded to type I FPPS (Wang and Ohnuma, 1999).

In Vitro Isoprenoid Assays

The maize cDNAs shared structural motifs with
FPPS enzymes but clearly functioned in the heterolo-

gous bacterial system as GGPPS. To directly investi-
gate the reaction products, the novel maize enzymes
were further analyzed by in vitro incorporation of
[4-"*C]IPP in cell-free extracts from transformants
of the pBluescript-based constructs. The dephos-
phorylated, radiolabeled products were identified by
reversed-phase thin-layer chromatography (TLC). To
ensure that [4-"*C]-IPP incorporation results reflected
differences in the activities of enzymes tested, but not
in their expression levels, cDNAs cloned in vectors
with the same promoter [e.g. pBluescript Il SK (—) and
pUCSE] and the same host cells were used when
assaying cell extracts. Figure 5 shows that cell extracts
containing either the long (1184) or short (1268) maize
FPPS ¢cDNAs (lanes 2 and 3, respectively) yielded
GGPP (as indicated by the dephosphorylated form,
geranylgeraniol [GGOH]), and pathway intermediates
GPP and FPP (as indicated by geraniol [GOH] and
farnesol [FOH]). Identical products were seen for the
bona fide GGPPS from H. brasiliensis (lane 4) but were
virtually absent when cells contained only the empty
vector, negative control (lane 1). The fact that cell-free
extracts containing the maize isoprenoid synthases
produced [“*C]GGPP (lanes 2 and 3) explains why
plasmids pME14D1184 and pME14D1268 could com-
plement AcrtE in E. coli. The amounts of GGPP pro-
duced by the maize clones, as evidenced by '“C
incorporation, were not as large as that produced by
the bona fide GGPPS tested (compare with lanes 2
versus 4), but were sufficient to supply GGPP to
the enzymes encoded by the AcrtE construct in E. coli
and therefore to produce zeaxanthin-g-pD-diglucoside.
The longer maize enzyme (lane 2) }{ielded a greater
proportion of [“CJFPP relative to [*C]JGGPP (mean
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CLD

Organism/enzyme including FARM

Zeama FPP31184 90 IEWL[QAFFLVLDDI--MDDS
Zeama FPPS1268 81 IEWL|QAFFLVLDDI--MDDS
Orysa FPPS1J 93 IEWL|QAYFLVLDDI--MDNS
Orysa_ FPPST 235 VEWL|QAYFLVLDDI--MDDS
Arath FPPS1S 83 IEWL|QAYFLVLDDI--MDNS
Arath FPPS1L 124 TEWL|QAYFLVLDDI--MDNS
Arath FPPS2 82 IEWL|QAYFLVLDDI--MDNS
Arath GGPPS?2 155 VEMIHTMSLIKDDLPCMDND
Arath GGPPS4 149 VEMIHTMSLIKDDLPCMDND
Arath GGPPS6 115 VEMIHAASLILDDLPCMDDD
Genlu GGPPS 142 VEMIHTMSLIHDDLPCYGQR)
Hevbr GGPPS 147 VEMIHTMSLIHDDLPCMDND
Erwur CRTE 82 VELT|HTASLMLDDMPCMDNA

HTRRGQ
HTRRGQ
QOTRRGQ
HTRRGQ
VTRRGQ
VTRRGQ
VTRRGQ
DLRRGK
DLRRGK
SLRRGI
DLRRGK
DLRRGK
ELRRGQ

lel
152
164
306
156
195
153
223
223
186
213
217
151

GQ motif
VEFKTASGQLL
VEFKTASGQLL
VEFKTASGQLL
VEFKTASGOLL
VELQTACGQOMI
VELQTACGQOMI
VEFQTACGQMI
GTRGLVAGQAM
GTKGLVAGQAK
GTEGLVAGQAA
GTEGLVAGQVA
GAEGLVAGQVV
GVQGLVLGQFR

236
227
239
381
229
270
228
300
294
265
289
292
225

SARM

FQVODDYLD
FQVODDYLD
FQVQDDYLD
FQVODDYLD
FOQVODDYLD
FQVODDYLD
FQVODDYLD
FQVODDYLD
FQVVDDILD
FQVMDDVLD
FOQVVDDILD
FQVVDDILD
FQLLDDLRD

Figure 4. Comparison of CLD regions, GQ motifs, and SARM of predicted amino acid sequences of several plant short-chain
prenyl transferases. Zeama FPPS1184, Maize isoprenoid synthase long clone (GenBank AF330036); Zeama FPPS1268, maize
short clone (AF330037); Orysa FPPS1)J, rice cv Japonica FPPS1 (004882); Orysa FPPSI, rive cv. Indica FPPS (AAD27558); Arath
FPPS1S, Arabidopsis FPPS1-S, short isoform (AAB07264); Arath FPPS1L, Arabidopsis FPPS1-L, mitochondrial long isoform
(AAF44787); Arath FPPS2, Arabidopsis FPPS2 (Q43315); Arath GGPPS2, Arabidopsis chloroplastic GGPPS2 (NP_179454);
Arath GGPPS4, Arabidopsis endoplasmic reticulum GGPPS4 (AAM15136); Arath GGPPS6, Arabidopsis mitochondrial GGPPS6
(BAA23157); Genlu GGPPS, G. lutea GGPPS (BAB82463); Hevbr GGPPS, H. brasiliensis GGPPS (BAB60678); Erwur CRTE,
E. uredovora CRTE (P22873).
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Figure 5. In vitro enzymatic activity of recombinant isoprenoid syn-
thases from maize and H. brasiliensis. Cell-free extracts were prepared
from E. coli cells containing plasmids encoding prenyl transferases and
assayed by incorporation of [4-"*C]IPP into short-chain isoprenoids,
followed by dephosphorylation, reversed-phase TLC, and development
of the chromatography plate in a Phosphorimager. Lane 1, Empty
pBluescript Il SK (—) vector; lane 2, pME14D1184 (maize long clone);
lane 3, pME14D1268 (maize short clone); lane 4, pHBGG6 (H.
brasiliensis GGPPS). Authentic isoprenol standards were run along
with the enzymatic assay of isoprenol products and developed with
p-anysaldehyde reagent.

FPP/GGPP = 114, n = 3 representative results) as
compared with the shorter maize enzyme (lane 3;
mean FPP/GGPP = 10.4, n = 3). Therefore, the trun-
cation of the N terminus increased the relative amount
of GGPP produced by almost 11-fold. In comparison,
the GGPPS from H. brasiliensis (lane 4) produced
significantly more GGPP than FPP (mean FPP/GGPP =
0.59, n = 3). In a two-way ANOVA, mean ratio was
significantly different among plants [F (3,7) =120, P <
0.0001, R? = 98.4%] but was no different among
experiments [F (2, 7) = 7 X 107%, P = 097]. We
concluded that the novel maize cDNA clones code for
FPPS that behaves bifunctionally and synthesizes
GGPP in addition to the main product, FPP, in a ratio
affected by N-terminal sequence.

We proceeded to test if the GGPP produced by
the maize enzymes was influenced by the 38-residue
N-terminal B-galactosidase (lacZ) sequence encoded
by the cloning vector or by the 41-residue N terminus
encoded by the 5'-untranslated region (UTR) in the
long clone. To this effect, pME14D1184 was subjected
to PCR to amplify either the entire insert containing
the 5'-UTR that encodes 41 residues upstream of
the open reading frame (ORF), or the ORF only (as it
starts from nucleotide 123 in Fig. 3 and contains the
nine codons missing from the shorter maize clone).
The amplification products were subcloned in the

Plant Physiol. Vol. 141, 2006
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expression vector pQE30, which unlike pBluescript II
SK (—), does not encode a [-galactosidase (lacZ)
N-terminal peptide fusion, but contains instead a
6X-His tag. The 5’-UTR-containing construct was des-
ignated pQE1184UTR; the subcloned ORF was named
PQE220REF (see Fig. 6C for construct cartoons).

Lane 1 in Figure 6A shows the *C-incorporation
activity in an extract from cells transformed with the
empty pQE30 vector. The remaining lanes display the
activities of extracts containing protein products of
PME14D1184 (contains lacZ, 41-residue maize UTR,
and OREF; lane 2; compare with Fig. 5), pQE1184UTR
(contains 6X-His tag, 41-residue UTR, and OREF;
lane 3), and pQE220RF (contains 6X-His tag and ORF;
lane 4). Polypeptides with UTR-encoded residues pro-
duced significant amounts of GGPP, regardless of an
N-terminal B-galactosidase fragment (lane 2) or not
(lanes 3). This clearly shows that the GGPP production
was not a consequence of having a B-galactosidase
N-terminal fusion but was a property inherent in
the maize enzyme itself. Remarkably, the construct
(pQE220RF) without lacZ and the UTR also produced
GGPP (lane 4), and FPP at higher levels then the short
clone that is truncated by nine additional codons (Fig.
5, lane 3). To further demonstrate that it was the FPPS
enzyme alone that was responsible for GGPPS activity,
we also tested the purified protein in the in vitro assay.
Lane 5 (Fig. 6B) shows the isoprenoid synthase activity
of the purified protein product from pQE1184UTR.
This protein, without the 3-galactosidase fragment and
devoid of bacterial cytoplasmic background, clearly
produced GGPP (in addition to FPP and GPP), a
phenotype corroborated by pQE1184UTR complemen-
tation of the AcrtE lesion in E. coli (data not shown). In
summary, these results indicate the GGPPS activity
associated with the maize FPPS clones was not due to
presence of the 38-residue N-terminal 8-galactosidase
fragment encoded by pBluescript II SK (—). Further-
more, it appears that the 41 amino acids encoded by
the 5'-UTR influenced the ratio of FPP/GGPP product
associated with the FPPS enzymes. Truncation at the
N terminus also interfered with FPPS activity.

Effect of pH Variation on Isoprenoid Synthase Activities

To determine whether GGPP production by the maize
enzymes was influenced by pH, we used the in vitro
assay at varying pH. Typically, neutral to alkaline pH
conditions have been used for in vitro prenyl transferase
assays, e.g. FPPS from Arabidopsis and yeast (Saccharo-
myces cerevisiae) has been assayed at pH 7.0 (Cunillera
et al., 1996) and 7.4 (Chambon et al., 1990; Okada et al.,
2000). GGPPS from H. brasiliensis shows a broad pH
optimum range of 8.0 to 9.0 (Takaya et al., 2003), and the
polyprenyl diphosphate synthases from Mycobacterium
spp. display an optimum pH near 8 (Crick et al., 2000).
The maize isoprenoid synthase (FPPS/GGPPS) was
active at pH 6.5 to 10.5, producing both FPP and
GGPP, excepttotal isoprenoid synthesis considerably de-
clined at pH 10.5 (data not shown). Besides confirming
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Figure 6. Effect of N terminus on GGPPS o
activity of maize isoprenoid synthases. Enzy- 5\‘1‘\ QOQ’
matic assa f d as described i & 2 < >
ys were performed as described in ~ & & &
“Materials and Methods” and Figure 5 leg- Q},}Q @.\‘9 QP‘\“ %bkqo
end. A, Cell extracts: lane 1, M15 cells with LS 0’\\ q"’\'\ &'\\
empty pQE30 vector; lane 2, TOP10F’ cells o .éo“\ ;}00 o
with pME14D1184; lanes 3 and 4, M15 cells QQ% QQCQ QQCD QQ%
with pQE1184UTR and pQE220RF, respec- _ 455 & & & &S
tively. B, Lane 5, His-tagged recombinant A S K g & B K &
protein encoded by pQE1184UTR (the same
construct used in A, lane 3), purified by % @ iz
.. B e i o i,
affinity chromatography; lane 6, same as GOH — @" % §:
lane 1. C, Cartoon of constructs used in A fpr . *
and B.
-~ 909 ®»
GGOH — gy
2 3 4 5 6
Cell extracts Purified protein
C
6X-His | 1 pQE30
| LacZ |5-UTR| ORF | Maize FPPS-1184/pBluescript (pPME14D1184)
| 6X-His |5-UTR | ORF | Maize FPPS-1184/pQE30 (PQEM1184UTR)
[6X-His] ORF | Maize FPPS-1184 (ORF)/pQE30 (pQEM220RF)

that the maize isoprenoid synthase was active over a
broad pH range, it can be concluded that variations in
pH do not affect the product distribution of the prenyl
transferase encoded by the maize cDNAs.

Gene Copy Number and Transcript Accumulation
in Endosperm

Hybridization of the maize cDNAs to genomic DNA
from several maize lines revealed multiple bands and
maize B73 bacterial artificial chromosome genomic
DNA clones divided into at least three distinct groups
(data not shown). Similarly, chromosome mapping
data also indicated that the maize isoprenoid synthase
gene mapped to three loci, closely linked with bnl117.20
(8L, 69.8), umc15B (3L, 142.6), and npi280 (6L, 144.7).

Despite evidence for more than one gene copy in
maize, a northern blot of total RNA from a develop-
mental series of maize B73 endosperms showed a
single major transcript, approximately 1.5 kb in size
(Fig. 7A), a size comparable to that of the endosperm
library-derived long cDNA clones. Transcripts were
barely detectable until 15 and 20 d after pollination
(DAP). The observed transcript levels were consistent
with the abundance of cDNA clones isolated from the
endosperm cDNA library. Transcript accumulation for
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Shrunken-1, a gene encoding a starch biosynthetic en-
zyme, gave a similar profile of temporal expression
(Fig. 7B), as previously reported (Wurtzel et al., 1987).
Equal amounts of total RNA were loaded, as evi-
denced by the stained rRNA bands (Fig. 7C).

DISCUSSION
The use of a functional complementation strategy as

a preliminary screen for plant isoprenoid biosynthesis

DAP

5 10 15 20
T
B - —

===

Figure 7. Analysis of fpps transcripts from a developmental maize
endosperm series. A, A northern-blot prepared from 5 ug/lane of total
RNA isolated at the indicated DAP, was probed with the 1.425-kb insert
from pME14D1030; or maize Shrunken-1 (B). C, Formaldehyde RNA
gel stained with ethidium bromide.
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c¢DNAs provided new insight into enzyme activity of
maize FFPS, which would otherwise not have been
predicted from informatic analysis. We demonstrated
that the GGPPS activity associated with maize FPPS
could be harnessed by coupling to a downstream path-
way. While we ruled out the effect of an N-terminal
B-galactosidase fusion to elicit this unexpected activ-
ity, we showed that the FPPS N terminus impacts both
its activity and specificity.

Experimental conversions between FPPS and GGPPS
have been achieved using genes from several micro-
organisms and usually they have been generated by
changes in amino acids in the CLD or other regions.
The conversion of archaeal GGPPS to FPPS by site-
directed mutagenesis identified key residues involved
in determining product length specificity, a result that
in turn served as the basis for a hypothesis on the
evolution of eubacterial and eukaryotic FPPS types
from an ancestral GGPPS (Ohnuma et al., 1997). Chem-
ical random mutagenesis was used to determine the
conversion of FPPS to GGPPS in Bacillus stearothermo-
phylus (Ohnuma et al., 1996). The mutation responsible
for the modified enzymatic activity was found at a
position equivalent to crucial residues in other iso-
prenoid synthases. The use of error-prone PCR for
directed evolution of the E. coli FPPS gene (ispA)
resulted in GGPPS activity of proteins having novel
CLD amino acyl residues (Lee et al., 2004, 2005). These
residues are either further upstream from the FARM
than others previously identified, in helical regions
adjacent to the FARM, or near the SARM. A report in
which Streptomyces griseolosporeus mutated GGPPS and
FPPS produced FPP and GGPP, respectively, indicates
that even amino acid changes far from the FARM can
also alter product size (Kawasaki et al., 2003).

Quaternary structure is another factor influencing
isoprenoid synthase specificity. For example, the M.
piperita GPPS heterotetramer has two regulatory small
subunits (GPPS.ssu) and two large catalytic subunits
(GGPPS.Isu). When GPPS.ssu is coexpressed with
conifer GGPPS in E. coli, it causes the latter to produce
GPP instead of GGPP, apparently by constricting the
active site. However, GPPS.ssu does not seem to affect
FPPS specificity (Burke and Croteau, 2002).

It is conceivable that metabolic context may also
impact the maize FPPS enzyme activity, whether the
enzyme is expressed by an endogenous gene or as a
transgene. Metabolic context has been shown to affect
enzyme regiospecificity when subcellular location was
altered as in the case of a fatty acid desaturase
(Heilmann et al., 2004). The distribution of isoprenoid
synthase products in a given organism is also influ-
enced by nonenzymatic factors such as salt and metal
ion concentrations, or the available concentration
of substrates, conditions that have been studied in
vitro (Fujii, 1980; Matsuoka et al., 1991). In vivo,
temperature affects final product composition in some
archaea, influencing changes in cell membrane archae-
ols in response to growth temperature (Fujiwara et al.,
2004).
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Secondary reactions catalyzed by certain enzymes in
addition to synthesizing their main products are not
a rare occurrence. The term catalytic promiscuity has
been applied to this phenomenon (Copley, 2003) that
may have an example in the production of 86 sesqui-
terpenoids from FPP by &-selinene synthase and
v-humulene synthase in Abies grandis (Steele et al.,
1998). Prenylation of aromatic natural products seems
to occur promiscuously as well, depending upon
factors such as Mg”" or the availability of aromatic
acceptors (Kuzuyama et al., 2005). Further study of
this unusual maize FPPS enzyme, including three-
dimensional modeling combined with mutagenesis
will further expand the understanding of prenyltrans-
ferase specificity and activity.

Based on similarity to FPPS2, an Arabidopsis cyto-
plasmic form (GenBank Q43315) and absence of sig-
natures associated with subcellular targeting (including
plastid, mitochondrion, and endoplasmic reticulum;
Emanuelsson et al., 2000), the predicted location of the
endogenous maize FPPS enzyme is likely cytosolic,
where it may play a role in either protein prenylation
or in providing biosynthetic precursors to down-
stream pathways. We do not know if, as for the
Arabidopsis fps1 gene, differential transcription leads
to multiple isoforms with alternate locations (Cunillera
etal., 1997). For the maize long clone pME14D1184 (com-
pare with Fig. 3), the sequence 119-GGCAATGGC-127
displays the properties of a monocot initiation context
(Liitcke et al., 1987; Kochetov et al., 1999), and the
preceding 118-nucleotide stretch shows characteristics
of a monocot 5'-UTR, including a high G + C content
(72%; Kozak, 1996). Genomic sequences upstream of
the 5'-end of our longest cDNAs (e.g. GenBank
CC627299) do not show any in-frame ATG triplets
that may indicate alternative translation sites.

The existence of a multigene family, with at least
three members, is inferred from genomic DNA anal-
ysis and chromosome mapping data. Gene families for
isoprenoid biosynthetic enzymes have been reported
in other plants. Two cDNAs corresponding to two fpps
genes have been reported for Arabidopsis (Lange and
Ghassemian, 2003). Two forms of the gene for FPPS
have been found for Lupinus albus (Attucci et al., 1995),
the rubber-producing shrub Parthenium argentatum
(Pan et al., 1996), and rice (Sanmiya et al., 1999). Five
cDNAs, encoding GGPPS isoforms targeted to subcel-
lular compartments, have been described in Arabidop-
sis by functional studies (Okada et al., 2000). Analysis
of the Arabidopsis genome sequence predicts 12
genes for GGPPS but only one for GPPS (Lange and
Ghassemian, 2003). Several ggpps functional cDNA
clones have recently been obtained from maize,
confirming that maize has both FPPS and GGPPS
(R. Vallabhaneni and E.T. Wurtzel, unpublished data).
Therefore, the novel maize FPPS described here does
not take the place of a GGPPS but provides an addi-
tional GGPPS activity. Interestingly, we did not isolate
any of the true GGPPS cDNAs by functional comple-
mentation, and instead fortuitously isolated the novel
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FPPS ¢cDNAs described here. The most likely expla-
nation is that based on transcript profiles, the GGPPS
mRNAs are of much lower prevalence (data not
shown) and therefore unlikely to be identified by the
limited capacity of complementation screening.

To date, metabolic engineering of isoprenoids has
sometimes led to unexpected results due to insufficient
understanding of metabolic networks (Jergensen et al.,
2005). The future of metabolic engineering for enhance-
ment of plant chemistry rests on investigation of path-
way dynamics and plasticity of enzyme function and
interaction with natural and artificial metabolons. Fur-
ther studies on monocot short-chain isoprenoid syn-
thases are necessary if metabolic engineering is to be
used in improving the production of isoprenoids in
plants. The bifunctional maize clones reported here will
be useful tools in such studies.

MATERIALS AND METHODS
Enzymes and Chemicals

All reagents were analytical or HPLC grade. Organic reagents and solvents
were purchased from Sigma-Aldrich. Salts and buffers were obtained from
Fisher Scientific. Molecular biology reagents, including restriction enzymes,
were bought from Invitrogen. Perkin-Elmer was the source of [a-?P]dATP
(111TBq/mmol) and [4-"*C]IPP (2 mBq/mmol).

Plant Materials

Maize (Zea mays L. cv B73) inbred plants were grown in the field (Pelham Bay,
Bronx, NY) and cross pollinated. Endosperms were dissected at various DAP.
Tissue was quickly frozen in liquid nitrogen and stored at —80°C until used.

Recombinant DNA Techniques

Cell growth, bacterial transformation, and other methods were performed
according to standard protocols (Sambrook et al., 1989; Ausubel et al., 2000).

Construction of Maize Endosperm cDNA
Expression Library

Total RNA was isolated from maize B73 endosperm at 14 DAP for
production of a unidirectional cDNA library contained in pBluescript II SK
(—) (Gallagher et al., 2003). Primary library size was approximately one-
million independent clones. Clone representation was estimated by using
Shrunken-1 as a hybridization probe on plaque lifts of the lambdoid library and
was found to be consistent with transcript prevalence at this developmental
stage (Wurtzel et al., 1987).

Library Screening by Color Complementation

The maize B73 endosperm cDNA library was screened by functional
complementation of the Erwinia carotenogenic cluster AcrtE deletion (Linden
et al., 1991; Sun et al., 1996; Hirschberg et al., 1997), according to the strategy
depicted in Figure 1. Escherichia coli TOP10F’ cells (Invitrogen) were trans-
formed with the plasmid pACCAR25AcrtE (Sandmann and Misawa, 1992)
and subsequently transfected with the maize endosperm cDNA library, then
diluted, titrated, and plated to 75 to 100 cfu/plate (100 X 15 mm Petri dishes)
on Luria-Bertani (LB) medium containing tetracycline, chloramphenicol, and
ampicillin. After overnight growth at 37°C and 3 d at room temperature (in the
dark), about 30,000 colonies were visually screened. A total of six double-
transformant colonies were found to have a yellow hue against a colorless
background.
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Analysis of Plasmid DNAs

Plasmid DNAs were extracted from the double transformants, after
growth in LB medium plus antibiotics, by using the Wizard Midikit (Promega)
and separated by agarose gel electrophoresis. Library-derived plasmids were
isolated from the agarose gel, purified using Geneclean II (Bio101), and
utilized to retransform E. coli TOP10F' cells containing pACCAR25AcrtE, for
corroboration of pigment production (Wurtzel et al., 1997), or untransformed
E. coli XL1-Blue (Stratagene), for plasmid propagation. Plasmids were
digested with EcoRI and Xhol to obtain insert size. Four of the plasmids had
inserts of about 1.42 kb and were designated pME14D1030, pME14D1184,
PME14D1247, and pME14D1349; the other two had smaller inserts of about
1.25 kb and were named pME14D1268 and pME14D1463.

DNA Sequencing and Analysis

Both strands of cDNAs were initially sequenced using standard primers
for pBluescript II SK (—), then by walking, using internal primers, in an
automated Applied Biosystems 3730XL capillary apparatus at the DNA
Sequencing Facility of the University of Chicago Cancer Research Center.
Sequence assembly and analysis were done using Biolmage software (Milli-
pore) and Vector NTI Suite v. 8 (InforMax).

Carotenoid Analysis

E. coli TOP10F" cells containing plasmid pACCAR25AcrtE were trans-
formed with either pME14D1184, pME14D1268, pUCggpps (Zhu et al., 2002),
pBS-FPS, or pBluescript II SK (—). Double transformants were grown in
100 mL LB medium, plus antibiotics, at 37°C overnight with shaking
(200 rpm). Growth was continued for 36 h at room temperature in the dark.
After reaching the same culture densities, cells were harvested by centrifu-
gation, followed by pigment extraction through a method adapted from
Yokoyama et al. (1995). Cell harvest and subsequent steps were carried out in
dim light. Briefly, cell pellets were suspended in 2 mL of acetone, mixed
thoroughly, and incubated at 50°C for 15 min. Mixtures were centrifuged for
10 min at 10,000g, and supernatants were recovered into amber vials. The
resulting pellets were reextracted as above and supernatants were pooled,
dehydrated over Na,SO,, and blown to dryness with nitrogen (g). Pigments
were resuspended in injection solvent [acetonitrile:methanol:dichloromethane:
hexane (85:10:2.5:2.5, v/v/v/v)], filtered through nylon syringe filters
(0.45 pum; Phenomenex), and analyzed on a 250 X 4.6 mm Nucleosil Cq
(5 mm particle size) reversed-phase column (Phenomenex) using an Alliance
2690 HPLC system with a 996 photodiode array detector (Waters). Solvent
systems A [acetonitrile:methanol (9:1, v/v)] and B [hexane:dichloromethane:
methanol (45:45:10, v/v/v)] were used in an isocratic gradient (95% A plus 5%
B) for 10 min, followed by a linear gradient (95% to 45% A and 5% to 55% B)
for 30 min, at a flow rate of 0.7 mL min™'. Data were acquired using Waters
Millennium® software. Curve points were digitized using the program XYit
(Geomatix). Areas under the curves were estimated using Microsoft Excel by
the sum of subinterval areas. The data shown are representative of at least
three independent experiments.

Preparation of Cell-Free Extracts for Isoprenoid
Synthase Assays

E. coli TOP10F' was used to propagate expression plasmids pME14D1030,
PME14D1268, pBS-FPS, pHBGG6 (Takaya et al., 2003), and pUCggpps (Zhu
et al., 2002). Extracts were prepared from cells cultured in LB medium with
appropriate antibiotics and harvested in mid-log phase (Okada et al., 2000).
Cultures of cells carrying pUCggpps were supplemented with 1 mm isopro-
pylthiogalactoside. Protein concentration was determined using the bicincho-
ninic acid method (Pierce) with bovine serum albumin (BSA) as a standard.

In Vitro Isoprenoid Synthase Assays

A protocol to assay isoprenoid synthase activity was developed from a
combination of the procedures of Cunillera et al. (1996), Okada et al. (1998,
2000), and Fujii et al. (1982). Briefly, 100 uL reaction mixtures containing
cell-free extract (100 ug of protein) in 100 mMm potassium phosphate, pH 7.4,
1 mm EDTA, 1 mm 2-mercaptoethanol, 5 mm MgCl,, 2.2 nmol of DMAPP, and
4.4 nmol of [4-*C]JIPP were incubated for 1 h at 37°C. After chilling on ice,
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isoprenoid diphosphate products were extracted with 200 uL of butanol and
dephosphorylated by the addition of 400 uL of methanol, 50 uL of a 5 M
potassium acetate (pH 4.7) /10% (w/v) Triton X-100 stock, and 5 mg of potato
acid phosphatase (2 u mg~’; Roche Diagnostics). Volume was adjusted to 1 mL
with deionized water, and mixtures were incubated for 12 h at 37°C with
gentle shaking. Released isoprenols were extracted with 1 mL of hexane. After
adding 100 ng each of GOH, FOH, and GGOH to function as carriers, hexane
extracts were evaporated to about 25 uL and applied to a 20 cm LKC18
reversed-phase TLC plate (Whatman), along with standard isoprenols (5 nmol
each of GOH, FOH, and GGOH). Chromatography was carried out using a
methanol:water (95:5, v/v) mobile phase. Isoprenol standards were devel-
oped with p-anisaldehyde spray (Dunphy et al., 1967). Radioactive spots were
detected on plates after exposure to a Phosphorimager screen as described
above. The Volume Report function of the program ImageQuant (Amersham
Biosciences) was utilized to estimate the intensity of the radioactive spots on
the original scans. Intensity ratios were calculated using Microsoft Excel and
JMP v.5.1.2 (SAS) was used for advanced statistical analysis. The data shown
are representative of at least three independent experiments.

Subcloning in Expression Vector pQE30

The pME14D1184 insert was amplified using Promega’s Master Mix in
a Touchgene Gradient thermocycler (Techne). Primers for amplification of in-
sert including the 5'-UTR were 5'-ACTGCAGTCCCTCCCTCCTTCCTTCCTTC-3’
(sense) and 5'-GAAGCTTATCCAAGAGCACCCTACTTCTG-3’ (antisense),
which introduced PstI and HindIII restriction sites (underlined) at the prod-
uct’s 5'- and 3’-ends, respectively. To limit amplification to the ORF, the
oligonucleotide 5'-ACTGCAGTGGCGGCGGGCGGGAATGG-3' (sense) was
designed. This primer also contains a PstI site (underlined) but the initiation
codon was changed to GTG (italicized), as the ATG-containing amplification
product did not direct the synthesis of recombinant protein. PCR for both sets
was performed with an initial denaturation step at 94°C for 3 min followed by
30 cycles of 45 s at 95°C, 45 s at 60°C, and extension for 2 min at 72°C, and a
final extension for 10 min at 72°C. PCR products were digested with PstI and
Hind]IIl, gel purified using the Mini-Elute PCR Purification kit (Qiagen), and
ligated into the dephosphorylated corresponding sites of expression vector
pQE30 (Qiagen).

The resulting sequence-verified constructs, respectively named
pQE1184UTR and pQE220RF, were used to transform E. coli M15 cells. The
recombinant protein expressed from these pQE30-derived constructs contains
an N-terminal 6XHis tag for purification by affinity chromatography.

Expression and Purification of His-Tagged
Isoprenoid Synthase

An extract of E. coli M15 cells containing pQEM1184UTR was prepared as
described above, except that cells were washed with and concentrated (40X)
in lysis buffer (50 mm sodium phosphate, pH 8.0, 300 mm NaCl, 10 mm
imidazole) before sonication. The His-tagged isoprenoid synthase was puri-
fied by chromatography of the cell extract in a Ni-NTA Agarose Superflow
column, under native conditions, as per the manufacturer’s instructions
(Qiagen). Protein concentration in column fractions was determined by the
bicinchoninic acid method (BCA, Pierce) using BSA dissolved in the corre-
sponding buffers. Concentration of the BSA stock was determined by Ay,
using an &, = 6.6. Purification to >90% was estimated by SDS-PAGE of
samples from the chromatographic steps (data not shown).

In Vitro Isoprenoid Synthase Assays of Purified
His-Tagged Enzyme

Activity of the purified recombinant isoprenoid synthase was determined
as described above, but using 1 ug of protein.

Transcript Analysis

RNA from maize B73 endosperms at 0, 5, 10, 15, and 20 DAP was isolated
as previously described (Burr and Burr, 1981; Wurtzel et al., 1987). Five
micrograms from each time point were fractionated by denaturing agarose gel
electrophoresis (Sambrook et al., 1989) along with size markers (Promega).
The zero time point corresponds to unfertilized ovules and both 0- and 5-DAP
endosperms may contain some maternal tissue. RNAs were transferred onto
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Optitran BA-S 85 supported nitrocellulose membrane. After transfer, mem-
branes were washed with (6X) SSC, UV cross-linked in a Stratalinker 2400
(Stratagene), and prehybridized in 50% (v/v) formamide, (6X) sodium
chloride/sodium phosphate/EDTA, (5X) Denhardt’s reagent, 0.5% (w/v)
SDS, and 100 ug mL ™" denatured salmon sperm DNA. Radiolabeled probe
was denatured by boiling and added to prehybridization buffer along with
polyethyleneglycol 3000 to 10% (w/v). The membrane was incubated at 42°C
for 14 h, and washed twice in (2X) SSC/0.1% (w/v) SDS for 15 min at room
temperature, followed by two 15 min washes in (0.2X) SSC/0.1% (w/v) SDS at
50°C, with shaking. Blots were exposed to a phosphor screen and processed as
described in a previous section.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AF330036 and AF330037.
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