THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1991 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 266, No. 9, Issue of March 25, pp. 5854-5859, 1991
Printed in U.S.A.

The Neurospora crassa Carotenoid Biosynthetic Gene (Albino 3)
Reveals Highly Conserved Regions among Prenyltransferases*

(Received for publication, September 14, 1990)

Alessandra Carattolit, Nicoletta Romanoi, Paola Ballario§, Giorgio Morellif, and

Giuseppe Macinoi |

Fror.n the iDipartime(zto di Biopatologia Umana, Sezione di Biologia Cellulare Policlinico Umberto I, Universita di Roma La
Sap_tenzq 00161, .ﬂUmta.’ di Nutrizione Sperimentale, Istituto Nazionale della Nutrizione Via Ardeatina 546 00178, and the
§Dipartimento di Genetica e Biologia Molecolare, Centro di Studio per gli Acidi Nucleici, Universita di Roma La Sapienza,

Piazzale Aldo Moro 5 00185, Roma, Italy

In the filamentous fungus Neurospora crassa the
biosynthesis of carotenoids is regulated by blue light.
Here we report the characterization of the albino-3 (al-
3) gene of N. crassa, which encodes the carotenoid
biosynthetic enzyme geranylgeranyl-pyrophosphate
synthetase. This is the first geranylgeranyl-pyrophos-
phate synthetase gene isolated. Nucleotide sequence
comparison of al-3 genomic and ¢DNA clones revealed
that the al-3 gene is not interrupted by introns. Tran-
scription of the al-3 gene has been examined in dark-
grown and light-induced mycelia. The analysis re-
vealed that the al-3 gene is not expressed in the dark
and that its transcription is induced by blue light (Nel-
son, M. A., Morelli, G., Carattoli, A., Romano, N., and
Macino, G. (1989) Mol. Cell. Biol. 9, 1271-1276). The
al-3 gene encodes a polypeptide of 428 amino acids.
Comparison of the deduced amino acid sequence of al-
3 with the sequences of prenyliransferases of other
species, from bacteria to humans, showed three highly
conserved homologous regions. These homologous re-
gions may be involved in the formation of the catalytic
site of the prenyltransferases.

Carotenoids are synthetized by bacteria, plants, fungi, and
algae (2). While their primary functions are in photoprotec-
tion and as accessory pigments in photosynthesis, carotenoids
also serve as precursors for vitamin A biosynthesis in animals
and for abscissic acid biosynthesis in plants. In Neurospora
crassa the biosynthesis of carotenoids is regulated by blue
light in the mycelium but is constitutive in the asexual spores
(3~5). The photoinduction of carotenogenesis in the mycelia
requires the de novo synthesis of at least three enzymes which
have been shown to be the products of the albino (al) genes
(5). Three al mutants have been characterized in N. crassa,
each of which is defective in one step of carotenogenesis.
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Albino 3 (al-3) mutants are defective in GGPP' synthetase
(5), while albino 2 and albino 1 mutants are defective in
phytoene synthetase (6) and phytoene dehydrogenase (7),
respectively. In previous work we isolated the gene encoding
GGPP synthetase from N. crassa by complementation of the
al-3 mutant; expression studies showed that the transcription
of the al-3 gene is controlled by light regulation (1).

The pathway of carotenoid biosynthesis shares some steps
with the biosynthetic pathways of other isoprenoid com-
pounds. GGPP synthetase and several other enzymes of these
complex pathways are members of the prenyltransferase fam-
ily. Prenyltransferases catalyze the transfer of an isoprenoid
diphosphate to another isoprenoid diphosphate or to a noni-
soprenoid compound through a 1’-4 condensation reaction to
produce various prenyl compounds that are precursors of such
diverse products as steroids, carotenoids, chlorophylls, heme
a, prenylated proteins and tRNAs, glycosyl carrier lipids,
plant hormones, and the side chains of quinones (8-10).
Prenyltransferases produce a wide range of products, from
the simple dimer geranyl pyrophosphate to the complex struc-
ture of rubber which is thousands of monomers long. GGPP
synthetase catalyzes the trans addition of three molecules of
IPP onto DMAPP to form geranylgeranyl pyrophosphate.

Here we present the sequence of the al-3 gene and its
deduced amino acid sequence. The al-3 protein sequence is
compared with those of other known prenyltransferases.

MATERIALS AND METHODS AND RESULTS?

DISCUSSION

We have determined the nucleotide sequence of the al-3
gene, which encodes the carotenoid biosynthetic enzyme
GGPP synthetase. It is known that blue light induces the
biosynthesis of carotenoids in N. crassa mycelia and that the
activity of GGPP synthetase increases after light treatment
(8). The al-3 gene encodes an mRNA of 1683 nucleotides,
which is colinear with the al-3 gene, as revealed by cDNA
sequence and S1 nuclease mapping analysis. We analyzed the
expression of the al-3 gene and found that its mRNA is not
present in dark-grown mycelia but is induced by blue light
after a short pulse of illumination.

! The abbreviations used are: GGPP, geranylgeranyl pyrophos-
phate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl py-
rophosphate; FGSC, Fungal Genetic Stock Center; PIPES, 1,4 Piper-
azinediethanesulfonic acid; FPP, farnesyl pyrophosphate.

2 Portions of this paper (including “Materials and Methods,” “Re-
sults,” Table 1, and Figs. 1-4) are presented in miniprint at the end
of this paper. Miniprint is easily read with the aid of a standard
magnifying glass. Full size photocopies are included in the microfilm
edition of the Journal that is available from Waverly Press.
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FiG. 5. Alignment of the deduced al-3 protein sequence with
the S. cerevisiae FPPS and Rhodobacter capsulatus crtE pro-
teins. Domains I, II, and III show amino acid alignment of the al-3,
FPPS, and crtE proteins. Conserved amino acid residues present in
at least two of the three sequences are boxed. The distance between
domains is indicated. Domains 1 and III of the S. cerevisiae mod5
protein and domain Il of avian liver FPPS are also shown. The
asterisk indicates the avian FPPS arginine residue discussed under
“Results.” The three domains of the al-3, FPPS, crtE, and mod5
proteins and their relative positions within the genes are shown
diagrammatically at the bottom (not drawn to scale).

The polypeptide encoded by the al-3 gene has a molecular
mass of 47,876 daltons, is weakly basic and hydrophilic, and
does not possess any hydrophobic membrane-spanning re-
gions. This is in agreement with the finding that the GGPPS
activity, isolated from various sources, is present in the soluble
fraction of cellular extracts (8, 36, 37). GGPP synthetase is a
prenyltransferase that catalyzes the 1’-4 condensation of di-
methylallyl pyrophosphate with three isopenteny! pyrophos-
phates. We therefore compared the al-3 polypeptide with
other known prenyltransferases. Comparison with the FPP
synthetase from human (29), rat (30), and Saccharomyces
cerevisiae (28) showed significant homologies in three differ-
ent regions of these proteins. The relative positions of the
homologous regions were the same in all the proteins ana-
lyzed. Furthermore, the three domains were localized in the
proteins at very similar distances. These facts suggest that
the homologous regions may be involved in the formation of
the catalytic site of the prenyltransferases. Comparison of
domains I and III showed the presence of the motif DDXXD.
These aspartate residues could be responsible for the binding
of the cations Mg®* or Mn?*, shown to be important for the
catalytic activities of the prenyltransferases (38, 39). The
analysis of the conserved amino acids found in the three
domains suggested that in all three domains not only the
aspartate residues but also the positively charged amino acids
may be important for enzyme activity. One of the major
biological functions of arginine residues is to interact with
phosphorylated metabolites. Lysine residues may also serve
this function and indeed are known to be important in a
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number of enzymes acting on phosphorylated substrates (40,
41). Furthermore, it has been demonstrated that the arginine-
specific reagent hydroxyphenylglyoxal is a powerful inhibitor
of prenyltransferases (38, 42).

Domain II is homologous to the region proposed to be the
active site of avian FPP synthetase. Brems et al. (32) identi-
fied this region by a site-directed photoaffinity label on the
purified enzyme and proposed that the arginine residue
(whose position is indicated in Fig. 5 with an asterisk), con-
served also in human and rat FPP synthetase (not shown)
and substituted by lysine in all the other known prenyl
transferases, could be responsible for the binding of the py-
rophosphate group. These authors also showed evidence of
the involvement of 2 arginine residues in the function of
prenyltransferases.

In view of the model that we propose for the function of
these conserved domains, it is interesting that the yeast
prenyltransferase (involved in tRNA modification) has some
homology, involving arginyl residues, with the first domain
and a stronger homology with the third domain, in which all
3 aspartate residues are conserved.

We have found that the crtE gene product of Rhodobacter
capsulatus also has an impressive homology with all three
conserved domains. All the prenyltransferases considered
here perform a 1’-4 condensation reaction between an allylic
and an homoallylic substrate. CrtE has been indicated to be
a phytoene synthetase (31) and therefore it does not belong
to the prenyltransferase family. Due to these homologies, we
propose that the crtE enzyme may have a 1'-4 condensation
activity.

These similarities and homologies among prenyltransfer-
ases suggest that the genes may have a phylogenetic relation.
It is conceivable that other prenyltransferases could share the
same regions of homology with those considered here. The
prediction that the conserved amino acids, in the three ho-
mologous regions, play an essential role in the enzyme func-
tions, will be tested by site-directed mutagenesis experiments
on the al-3 gene, making use of the albine 3 mutant as the
recipient strain for the transformation of mutated sequences.
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Addendum—During the preparation of the manuscript, we learned
from Dr. P. Edwards® that S. cereuvisiae hexaprenyl pyrophosphate
synthetase has amino acid sequence homology with domains I and
1II.
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The Neurospora crassa carotenoid biosynthetic gene (albino 3) reveals highly

conserved regions among prenyltransferases.
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MATERIALS ANDR METHODS
N, crassa straips and plasmids: The following Neurospora crassa wild-type

and mutant strains (al, albino; ga, guinate; arc, aromatic cluster gene) were
obtained from the FGSC! ({(University of Kansas, Kansas City, Kansas): Oak Ridge
wild-type 74-OR23A (FGSCl no. 987), al-3 (RP10O; FGSCl no. 2082) and qa-2 aro-9
(M246 ¥325M6; FGSCl no. 4407). The al-2 ga-2 aro-9 (RP100 M246 Y325ME) strain was
constructed by standard methods(11).

The plasmid clone bank containing inserts of N. crassa DNA in the pRAL1 vector
was provided by Alan M. Lambowitz (Ohio State University). The pRAL1 vector
containg the ga-2+ gene that serves as the selectable marker in transformations
of N. crassa and the chloramphenicol resistance gene for selection in
Escherichia coli. The pNC39 plasmid was isolated from this bank and pNC39ANrul
was made by the circularization of pNC39 restricted with NruI. The N.crassa
light-induced cDNA library was provided by Enza Ilardi, Istituto Nazionale della
Nutrizione, Rome.

Preparation of al-3 spheroplasts and their transformation with
PNC39 and pDNC39ANrul were as described by Schweizer et al. (12).
onto selection plates after regeneration in liquid
was carried out as described in Maniatis

PRALL,
Transformants were plated
medium (13). Transformation of E.coli
et al. (14}.

g For photoindustion experiments, conidia were
inoculated at 2x105 cells per ml in 100 ml Vogel minimal medium (15) plus 2%
sucrose and shaken in the dark at 30°C for 18 h. Selected cultures were
illumirated directly in the flask by applying 250 pW/cm2 in the blue region for
20 min with two Sylvania GRO-LUX F 18W-GRO lamps. Light-induced and dark-grown
mycelia were collected for total RNA preparation by filtration onto filter paper
disks and immediately frozen in liquid nitregen.

; The cDNA library was screened by colony hybridization.
Filters were prepared and hybridized as described by Maniatis et al. (14).
The 32p labeled double stranded probe of the al-3 gene was prepared by nick-
translation (14}.

Preparation of BNA: Total RNA was extracted from frozen mycelia powdered in a
wWaring blendor under liquid nitrogen. Powdered mycelia were treated with
guanidinium chiocyanate as a protein denaturant (16) and RNA was collected by
centrifugation through ¢€sCl cushions (17). Polyadenylated RNA was isolated by
chromatography on oligo(dT)-cellulose (18).

RNA was denatured, electrophoresed on agarose
gels containing formaldehyde (19), and transferred onto Hybond-N membranes. The
32p-labelled single stranded probes were prepared by primer extension-on M13
templates in the presence of 3?P labeled ATP (20), followed by digestion with
the appropriate restriction enzymes and strand separation on a 6% acrylamide/bis
gel., Filters were hybridized at 48°C in 5X SSPE (0.9 M NaCl, 0.05 M sodium
phosphate (pH 7.7), 0.05 M EDTA), 5X Denhardt solution (0.1% bovine serum
albumin, 0.1% Ficoll, 0.1% polyvinyl pyrrolidone), 50% formamide, and 0.1%
sodium dodecyl sulfate. Filters were washed at 55°C in 0.1% SSPE-0.1%sDS for 15
min.

DNA sequenging: The HindIII-SalI, Sall-EcoRI, EcoRI-EcoRI and BamHI-Accl
fragments obtained from pNC39ANrul were sucloned in M13mpl8 and in M13mpl9. All
DNA sequences were determined by primer extension on M13 cleones using the
dideoxy chain termination method (21). Synthetic oligodeoxynucleotides were used
to obtain full sequence of both strands. The cDNA clone was sequenced on both
strands by the same method . No differences were found between the gepomic and
CDNA sequences.

s1 nuclease mapping experiments,
were prepared from a pNC39ANrul

_$1 nuclease mapping : To perform the S’
uniformly-labeled single-stranded DNA probes
SalI- HindII1 fragment cloned in M13mpl8, using as primer an internal
oligonucleotide, indicated in.Fig. 2. Sl nuclease mapping experiments of the
3 end of the al-3 mRNA were performed using a pNC39ANrul EcoRI- Accl restriction
fragment cthat was 3’ end-labelled with 32P using the fill-in ctechnique. Probes
were hybridized with 20-30 pg of total RNA or with 2 jg of poly(a)* RNA in 0.4M
NaCl, 20mM PIPES! pH 6.4, 2 mM EDTA at 42°C for 3 hours. 51 nuclease digestions
were carried out in $1 digestion mix (0.3M NaCl, 30mM NaAcetate pH 4.6, 1mM
Zns0y) containing 300 U/ml of S1 nuclease. When poly(A)* RNA was used, 20 ug of
denatured heterologous DNA were added to the Sl digestion mixtures. The digestion
products were analyzed by 6% acrylamide/bis-urea gel electrophoresis.

Computer methods: Comparative sequence analyses were performed with programs
from the University of Wisconsin Genetics Computer Group (22}.
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BESULTS

We had previously cloned the GGPPl synthetase gene by transformation of an
al-3 qa-2 aro-9 murant of N. crassa with a genomic library in the pRALL plasmid
(see Materials and Methods) (1l). From this library we had isclated the plasmid
PNC39, with a 7.0 kbp genomic DNA insert containing the intact al-3 gene. The
62% of the transformants containing this plasmid showed dark orange pigmented
conidia, in contrast to the albino phenotype of the al-3 parental strain (table
1). To determine the minimal region of the insert necessary for complementation,
we transformed the al-3 ga-2 aro-% strain with several plasmids containing
various subclones of the pNC39 insert. The pNC39ANrul plasmid , with an insert of
3.0 kbp {obtained by deletion of the 5.0 kbp Nrul fragment of the pNC39 plasmid
{Fig.1l)) was still able to complement the al-3 mutation showing 54 % wild type
transformants (table 1). Thus pNC39ANrul plasmid was chosen for further studies.

1 kbp

8l 3

B8SN EEHH SA BE AN Sc P B PSc B
|

t‘;—L__“jL I | I |

pNC39 Probe b Prabe ¢
Probe a

N EEHH jiﬁEAN

PNC39aNRUI

Fig. 1: Restriction maps of the al-3 containing and related plasmids. Neurospora
crassa sequences are indicated by horizontal lines; boxes represent vector
sequences. Abbreviations for restriction sites: B: BamHI, E: ECoRI, H: HindIlI,
§: Sall, 8c: sacI, N : Nrul; P: Pstl; A: Accl. Probes a, b and ¢ indicate
probes used in Northern blot experiments, discussed in the text. The Neurospora
and vector sequences are drawn to scale (indicated by a 1 kbp bar).
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Fhenotypes of gad

transformants
Plasmids wt % al-3 s
PRALL 0 100
PNC39 62 38
PNC39A Nru I 54 46

Table 1: Percentage of wild type and albino 3 phenotypes obtained by al-3 qa-2
aro-9 strain transformarion with different plasmids.

The pNC39 plasmid contains a 7.0 kbp N. crassa genomic insert cloned in the
PRAL 1 vector. The pNC39ANrul plasmid contains a 3.0 kbp DNA insert obtained by
deletion of the $.0 kbp Nrul fragment of plasmid pNC39.

The HindIII-Sall, SalI-EcoRI, EcCORI-ECoRI and BamHI-Accl fragments from
PNC39ANrul were subcloned into M13mpl8 and M13mpl$ for nucleotide sequencing.
Each construct was used as the template in sequencing reactions using the
universal primer (21). The complete sequence of the clones was obtained using
synthetic primers corresponding toc the ends of previously sequenced DNA, Both
strands were sequenced with overlaps to resolve any ambiguities.The DNA sequence
of the al-3 coding and flanking regions is shown in Figure 2. This DNA segment
corresponds to the 2.0 kbp HindIII-AccI fragment of Fig.l. within the sequence
there is only one sizable reading frame, which encodes a protein of 428 amino
acids. This reading frame is translated above the nucleotide sequence in Fig. 2.
The codon usage of the putative gene product follows the general rules for N.
crassa genes. which includes a strong bias towards the use of codons
terminating in C (42%) or G (33%) (23,24).

There are two possible initiation codons at the beginning of the open reading
frame. The bona fide methionine codon of the al-3 reading frame most likely

occurs at position 162 (Fig. 2). The nucleotides that precede this codon
{cgtcaccATGG) are believed to be important for correct translation and are found
in the same position in many N. crassa genes {25). The putative al-3

polypeptide has a molecular weight of about 47.8 Kd. The predicted product is
weakly basic and hydrophilic. The hydropathy profile of Kyte and Doolittle (26)
suggested that there are no hydrophobic membrane- spanning regions (not shown).

The coding portion of the gene has a G+C content of 57%, while the 5 and 3'
non-translated sequences have G+C contents of 45% and 42%, respectively. This is
in agreement with what has been found in other N. crassa genes {(27). The 5°'
non-transcribed region contains a putative TATA box about 30 nucleotides
upstream of the S’ transcriptional initiation site. A search for short sequences
homologous to published promoter sequences of other N.crassa genes failed to
turn up any significant homologies. A potential polyadenylation recognition
element (AATGAA) is present 50 bp upstream of the 3+ end of the mRNA.
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Hind IIX
AA GCT TGC CTC CGG TTG TCA CAC AGC ACG TCA AGT AAT TAT AAG AAG CCA GCC
1 20 29 38 47
— Y
L 1Ll
AGA GCG CCG GCC ACT TTG GAT CAG ACG ACG CAC GGG GTT AGC ATC CTC TAC AGT ACC
62 n 80 89 98 107

Met Ala
GAC GGG TTT CCA ATA ATA AAA CAT AAA AAA AAG GAA ATG GAA CAC GTC ACC ATG GCC
119 128 137 146 155 164

Val Thr Ser Ser Ser Pro Gly Pro Ala Pro Leu Ser Leu Leu Ser Asn Asn Asp Asp
GTG ACT TCC TCC TCA CCT GGA CCC GCC CCG CTT TCC CTT CTC TCC AAC AAC GAC GAC
176 185 194 203 212 221

Ala Pro Phe Asn Ile Asn Thr Lys Phe Pro Ser Ala Ile Val Pro Pro Arg
ATT GCT CCC TTC AAC ATC AAC ACC AAG TTC CCA TCC GCC ATC GTC CCT CCA AGG
233 242 251 260 269 278

EH

Thr Ser Ser Asn Gln Pro Ile Ser Val Ala Ile Pro Ser Asn Arg Ile Ser Ser Ala
ACC TCT TCG AAT CAA CCA ATT TCC GTT GCC ATA CCC TCT AAT CGC ATC TCT TCC GCC
290 299 308 317 326 335

Gly Leu Ala Ala Thr Gln Gln Ala Gln Thr Arg Lys Arg Lys Ala Ser Val Ala Gln
GGT CTA GCT GCA ACA CAG CAG GCG CAA ACC CGT AAA CGC AAG GCC TCG GTC GCC CAA
347 356 365 374 383 392
gee=eOLIGO=em=w

Ile Ser Leu Pro Ser Met Leu Pro Thr Ser Phe Ser Pro Tyr Thr Met Ala Pro Gln
ATC AGT CTC CCC AGC ATG CTC CCA ACT TCC TTC TCG CCA TAC ACA ATG GCG CCC CAG
404 413 422 431 440 449

Pro Pro Gln Pro Pro Pro Asn Pro Asp Arg Phe Ala Thr Glu Asp Phe Phe Ser Pro
CCG CCC CAG CCT CCC CCG AAC CCA GAC CGA TTT GCG ACC GAA GAC TTC TTC AGC CCC
461 470 479 488 497 506

Ser Arg Arg Thr Trp Ser Glu Glu Lys Glu Lys Val Leu Thr Gly Pro Tyr Asp Tyr
TCG CGG CGC ACC TGG TCC GAA GAG AAG GAG AAG GTT CTG ACG GGT CCT TAC GAC TAT
518 527 536 545 554 563

Leu Asn Gly His Pro Gly Lys Asp Ile Arg Ser Gln Met Val Lys Ala Phe Asp Ala
CAC CCG GGC ARG GAC ATC CGA TCG CAG ATG GTC AAG GCC TTC GAC
575 584 593 602 611 620

3
H
8

Trp Leu Asp Val Pro Ser Glu Ser Leu Glu Val Ile Thr Lys Val Ile Ser Met Leu
TGG CTT GAT GTG CCG TCC GAA AGC CTC GAG GTG ATC ACC
632 641 650 659 668 677

His Thr Ala Ser Leu Leu Val Asp Asp Val Glu Asp Asn Ser Val Leu Arg Arg Gly
cGC GGC

CAC ACA GCC TCC TTG CTC GTC GAC GAC GTG GAA GAC AARC AGC GTC CTG CGC
689 698 707 716 725 734

Phe Pro Val Ala His Ser Ile Phe Gly Ile Pro Gln Thr Ile Asn Thr Ser Asn Tyr

TTC CCT GTC GCC CAC TCC ATC TTC ATC CAG ACC ATC AAC ACG TCC AAC TAC
746 755 764 773 782 791

val Tyr Phe Tyr Ala Leu Gln Glu Leu Gln Lys Leu Lys Asn Pro Lys Ala Val Ser
GTG TAT TTC TAC GCG CTG CAA GAA TTG CAA AAG CTC AAG AAC CCC ARA GCC GTC AGC

803 812 821 830 839 848
Ile Phe Ser Glu Glu Leu Leu Asn Leu His Arg Gly Gln Gly Met Asp Leu Phe Trp
ATT TTC TCT GAA GAA CTG CTC AAC CTG CAC CGG GGC CAG GGA ATG GAC CTC TTT TGG
860 869 878 887 896 905

Arg Asp Thr Leu Thr Cys Pro Thr Glu Asp Asp Tyr Leu Glu Met Val Ser Asn Lys
CGT GAC ACC TGC GAC

ACG CTC CCG ACG GAG GAC TAC CTA GAG ATG GTA TCC AAC AAG
917 926 935 944 953 962
Thr Gly Gly Leu Gly Ile Lys Leu Met Gln Ala Glu Ser Arg Ser Pro

Leu Phe Arg
ACA GGC GGT CTG TTC CGC TTG GGA ATC AAG CTG ATG CAG GCC GAG TCG CGG TCG CCG
974 983 992 1001 1010 1019

Val Asp Cys Val Pro Leu Val Asn Ile Ile Gly Leu Ile Phe Gln Ile Ala Asp Asp
TGC GTC
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Tyr His Asn Leu Trp Asn Arg Glu Tyr Thr Ala Asn Lys Gly Met Cys Glu Asp Leu
TAT CAT AAT CTG TGG AAC CGC GAG TAC ACG GCC AAC AAG GGC ATG TGC GAG GAC CTG
1088 1097 1106 115 1124 133

Thr Glu Gly Lys Phe Ser Phe Pro Val Ile His Ser Ile Arg Ser Asn Pro Ser Asn
ACG GAG GGC AAG TTC AGT TTC CCC GTG ATC CAC AGC ATC CGG TCG AAC CCG AGC AAC
1145 1154 1163 1”2 1181 1190

Met Gln Leu Leu Asn Ile Leu Lys Gln Lys Thr Gly Asp Glu Glu Val Lys Arg Tyr
ATG CAG CTG CTC AAC ATC TTG AAG CAG AAG ACG GGG GAT GAG GAG GTG AAA AGG T/
1202 1211 1220 1229 1238 1247

Ala val Ala Tyr Met Glu Ser Thr Gly Ser Phe Glu Tyr Thr Arg Lys Val Ile Lys
GCG TAT ATG GAG AGC ACA GGC AGC TTT GAG TAC ACG CGC AAG GTC ATC AAG
1259 1268 1277 1286 1295 1304

Val Leu Val Asp Arg Ala Arg Gln Met Thr Glu Asp Ile Asp Asp Gly Arg Gly Lys
GTG CTG GTG GAT AGG GCG AGG CAG ATG ACG GAG GAC ATC GAT GAT GGG AGG GGG AAA
1316 1325 1334 1343 1352 1361

Ser Gly Gly Ile His Lys Ile Leu Asp Arg Ile Met Leu His Gln Glu Glu Asn Val
AGT GGC GGG ATC CAT AAG ATT TTG GAT CGC ATT ATG CTT CAT CAG GAG GAG AAT GTG
1373 1382 1391 1400 1409 1418

Ala Gln Lys Asn Gly Lys Lys Glu TER
AAG AAT GGG AAG AAG GAG TGA ATG TGG TAG TTC TTT GTC TTT GTC ATA TGT
1430 1439 1448 1457 1466 1475

ACC CGT TTC ATG TTT TGG TTT GCC AAT TTC TTT TTT GGG TGT CCA TGA GGA TTG AAT
1487 1496 1505 1514 1523 1532

GTA TGG GTA AGA ATT CTC CTC TCT GGT CGT ATC GTC CAA CGA GCG ATC TGG CCT GCT
1544 1553 1562 1571 1580 1589

ATG GAT CAG TCA AGG ACG ACA TGG TGC TCA ACC ACA TGG CAT TTG TTC TGG AAT ATT
1601 1610 1619 1628 1637 1646

GGT GTT TTT GGG GAT ATC TCG TTT GGG TCA TAT CAA_TGA AAC GCA GGA AAG
1658 1667 1676 1685 1694 1703

3 polyas
1 )

CAA GTA AGC CAT CAA GCA TAG CGA ATT TGA AAC CCT TGT TTA TTT TTT CTT CTA CGT
1715 1724 1733 1742 1751 1760

CTT CCC TCG ACT GAC GGA AAG ATT CGG TGA TTA ACT GCA AAG GCA ACC TTT TTC GCA
1772 1781 1790 1799 1808 1817

TCA ATC ACC GGC TCC CCG CAA AAC CTA GGA TGC ATA TAA GTG GTC TCG AAT TTG TCC

1829 1838 1847 1856 1865 1874
TCT CGA ATT TGT CCT CTC GAA TTT GTC CTC AAT CAT TGA TTT TTC ATG TTA ATA GTT
1886 1895 1904 1913 1922 1931

CGC TAA CTC GTC CAA CCA AAA TTG CTA CTC GCC GAC ACT CTT CCA AGC CAA AAA GTA
1943 1952 1961 1970 1979 1988

ATT CAA AGC AAC TTC ACC GGC CTC GGC GCC TCC TGA GAT GGC GTC CGC ATG GTT TGC
2000 2009 2018 2027 2036 2045

Accl
GTA TGC GGC GAG GGC GTA TAC
2057 2066

Fig.2: DNA sequence of the al-3 gene and its predicted gene product. Nucleotide
sequence of the 2.0 kbp HindIII-AccI fragment of Fig. 2, containing the coding
region of the al-3 gene. The putative TATA sequence and polyadenylation
recognition signal are underlined. The arrows indicate the 5' and 3' ends of the
mMRNA as determined by S1 nuclease mapping. The open arrow shows the mRNA 3' end
determined by cDNA sequence. The sequence of the oligonucleotide used for

616 CG CTC GTC AAC ATC ATC GGA CTG ATC TTC CAG ATC GCC GAC GAT
1031 1040 1049 1058 1067 1076
labeling the probe for 5' end studies is also shown.
T i "

In a previous paper (1) we demonstrated that the al-3 mRNA level increases
about 15 fold in mycelia, after a short period of illumination, compared to its
low level in the dark. Here we present results that confirm the photoinduction
of the al-3 mRNA, but on the contrary its level in the dark is undetectable by
Northern blotting analysis. This difference is due to the fact that the previous
Northern blots were probed with a DNA fragment that contained the al-3 gene plus
another gene. This gene is closely linked to al-3 and encodes a messenger RNA of
almost identical size (about 1700 nucleotides); the linked gene is transcribed

in the opposite direction and expressed in both light and dark regimes 4. Fig.
4A shows that the longer probe a (Fig. 1) that had been used in previous work (1)
detected both mRNAs, that of al-3 plus the mRNA of the closely-linked but
unrelated gene. Fig. 3 demonstrated that when a probe was used which contains
only the al-3 gene (probe b), the mRNA for al-3 was detected only in light-grown
mycelia and was undetectable in dark-grown mycelia. Probe c detected only the
mRNA of the linked gene; this mRNA comigrated with the al-3 mRNA, but was not
photoregulated. These results have been confirmed with more sensitive S1
nuclease experiments (Fig. 4). Probes 1 and 2 were totally degraded when total
RNA from dark-grown mycelia was used, while they were completely protected using
total or poly(A)+ RNA from light-induced mycelia (see below).

4- A. Carattoli unpublished results

A B C
LD LDLD

D -

Fig.3: Northern hybridizations. Total mRNA was prepared from light-induced (L)
and from dark-grown (D) mycelia. Samples (4 Wg) of each RNA were separated on a
1.2% agarose-6% formaldeyde gel, transferred to Hybond-N membrane, and hybridized
with probes a, b and ¢ (Fig. 2). Results are shown, respectively, in panels A,
B and C
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lsolavion of cDNA cloues of al-3

To confirm that the al-3 gene contains no intervening sequences, we isolated
CDNA clones from a library made from light-induced mycelia. Using a 700 bp
HindIII-Sall ?2p radiolabeled fragment of the al-3 gene (probe b in Fig. 1), 10
positive clones were identified by screening 60,000 colonies of the library. The
longest positive cDNA clone was selected for sequence analysis. The complete
sequence of the al-3 cDNA clone revealed that the cDNA w shorter, at the 5°'
end, by about 80 nucleotides than the putative mRNA determined by S1 nuclease
mapping (see below). The sequence analysis of the cDNA showed colinearity with
the genomic sequence, indicating that there are no introns in this gene.

Sl nuclease mapping
To determine the 5' initiation and 3' termination sites of the al-3 mRNA, S1
protection experiments were performed (Fig. 4). The 5' end of the al-3 mRNA was

mapped as shown in Fig. 4A. A DNA probe spanning the 5' end of the al-3 gene
(probe 1, 358 bp) was uniformly labeled, hybridized to RNA and treated with S1
nuclease. Fig. 4A shows that S1 nuclease-protected products obtained with total
RNA (lane 2) or poly(A)* RNA (lane 3), corresponded to two groups of closely-
spaced bands (from 265 to 283 nucleotides in length). These multiple bands most
likely represent multiple transcription initiation sites. This is consistent
with the finding that, in fungi, multiple initiation sites are quite common (27).

Fig. 4B shows the 3' end mapping of the al-3 mRNA. Probe 2 (520 bp) was
protected from S1 nuclease digestion, producing a protected fragment of 200
nucleotides. This result suggested that the 3' end of the al-3 mRNA was at about
nucleotide 1745 (Fig. 2). The cDNA sequence revealed, instead, that the 3' end
of the al-3 mRNA was 15 nucleotides further downstre (nucleotide 1759, Fig.
2). This discrepancy could be explained by the fact that the region immediately
downstream from nucleotide 1745 is very T-rich. This peculiar sequence has a low
hybrid stability, and therefore may produce shorter hybrid molecules in Sl
nucl e protection experiments. The length of the al-3 mRNA, as revealed by
CDNA sequence and S1 nuclease experiments, was 1683 nucleotides.
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Fig.4: S1 nuclease mapping. S1 nucl e mapping of the 5' end (probe 1, panel A)
and 3' end (probe 2, panel B) of al-3 mRNA. L indicates RNA extracted from
light -induced mycelia and D RNA extracted from dark-grown mycelia. Probes 1 and
2 are shown below the panels.

Panel A: lanel, sequence ladder; lane 2, probe 1 plus 20 pug of total L RNA, S1-
treated; lane 3, probe 1 plus 2 ug of poly(A)* L RNA, Sl-treated: lane 4, probe 1
plus 20 pg of total D RNA, Sl-treated

Panel B: lane 1,probe 2 plus 30 ug of total L RNA, Sl-treated; lane 2, probe 2
plus 30 pug of total D RNA, Sl-treated; lane 3, sequence ladder.Arrow heads in
panels A and B indicate the fragments protected from S1 nucl e digestion.

Homology with other prenviiransferases

Comparison of the al-3 sequence with the FPP! synthetase from Saccharomyces
cerevisiae (28) showed a significant homology in thr different regions of
these two proteins. These regions are also highly conserved between the FPP!
synthetase from human (29) and rat (30) (data not shown). This sequence homology
is also evident in the sequence of the crtE gene, which is part of the rotenoid
biosynthetic cluster from Rhodobacter capsulatus (31), and which contains the
same three homologous domains. The relative positions of the homologous domains
are the same in these three proteins. Fig. S5 shows the alignment of the three
domains of al-3 with the yeast FPP! synthet and R. capsulatus crtE proteins

when al-3] was compared with FPP! synthetase and crtE, the first region of
homology (domain I in Fig. 5) showed 42% and 53V amino acid identity, or 54\
and 65% amino acid similarity, respectively. A closer examination revealed a

[} ) of highly-charged amino acids. The second
region (domain II) showed a weaker homology among the three proteins, but it is
still possible to consider it as a conserved region if the al-} sequence is
seen as a mosaic of amino acids of the other two proteins, with the left portion
being homologous to FPP! synthe . and the right portion to crtE. It is
interesting to note that this domain has been indicated to be the active site of
prenyltransferases by work of Brems et al.()2). The third region (domain III)
had 60% to 70% homology. among the three related proteins., over a span of 1)
amino acids. The consensus sequence of this region (FQIXDDXXD/N) is also highly
charged, as is that of the first domain. It is noteworthy that, at the distance
of 12 amino acids from domain III, there is an invariant lysine residue .

The three domains are localized in the proteins with very similar spacing,
with 54-59 residues between domain I and domain II, 23-37 residues beetwen
domains II and III. PFurthermore, the three proteins share other similarities
Domains I and III are flanked by short hydrophobic regions of about 20 amino
acids. It is interesting to note that these are the only regions with
hydrophobic character in these proteins . Domain II is immersed in a region of
strong acidic character. The carboxy termini of both GGPP! synthetase and FPP}
synthet are highly charged.

There are other enzymes that make use of DMAPP! to prenylate non-isoprene
substrates whose genes have been isolated. One of these is the 5. cerevisiae
modS gene, encoding the tRNA-modifying enzyme A2-isopentenyl pyrophosphate:tRNA
isopentenyl transferase (33). Comparison of the al-3), FPP! synthetase and crtk
amino acid sequences with that of modS revealed only a very limited homology to
the conserved domains I and III. In domain I, the only residues conserved are
four contiguous amino acids (RRGK) of the consensus sequence. In the third
domain, the homology includes the entire (FC ) .This
limited homology should be considered significant, due to the conservation of
amino acids whose role could be central in these domains (see Discussion). It is
noteworthy that the distance between the modS I and III domains is very similar
to the respective distances in al-} and crtE.

Other enzymes utilizing IPP! or DMAPP! as substrates, such as IPP- DMAPP!
isomerase from S. cerevisiae (34) and cytokinin prenyltransfer s from
Agrobacterium tumefaciens and Pseudomonas savastanoi (35). do not share any
homology with the prenyl transfera discussed in this paper.




