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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  cDNA 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 prenyltransferases 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 nouo synthesis of at least  three enzymes which 
have been shown to be the products of the albino (al) genes 
(5) .  Three a1 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.  crmsa 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. crmsa 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. 

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 1, 11, and 111 show amino acid alignment of the al-3, 
FPPS,  and  crtE proteins. Conserved amino acid residues present  in 
a t  least two of the three sequences are boxed. The distance between 
domains is indicated. Domains I and I11 of the 5’. cereuisiae mod5 
protein and domain I1 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 isopentenyl 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 
cereuisiae (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 I11 showed the presence of the motif DDXXD. 
These  aspartate residues could be responsible for the binding 
of the  cations Mg2+ or Mn2+, 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 

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 11 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 
capsulatm 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. Edwards3 that S. cereuisiae hexaprenyl pyrophosphate 
synthetase  has amino acid sequence homology with domains I and 
111. 
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Fiq.2: DNA sepuence of the al-3 gene  and its predicted qene product. Nucleotide 

region Of Che al-3 gene. The putative TATA Sequence and polyadenylation 
sequence of the 2.0 kbp HindIII-AccI frsment of Fig.  2. Containing the codinq 

W A  a8 determined by SI. nuclease mapping. The Open arrow shows the m N A  3'  end 
recopnition signal are underlined. The arrows indicate the 5 '  and 3 .  ends of the 

determined by =DNA sequence. The  sequence  of  the  oligonucleotide used for 
labeling the probe for 5' end studies 1s also shorn. - 

I" a previous mper (1) we  demnstrated that the al-3 m A  level increases 
about 15 fold in mycelia, after a short period of illumination. compared to it6 

of  the al-3 mNA, brt on the Contrary its level in the dark is undetectable by 
low level in the dark. Here we present results chat confirm the photoinduction 

Northern blotting analysis. This  difference is due LO the fact chat the previous 
Northern blots were probad with a DNA fragment chat contained the  al-3  gene plus 
another gene. This gene is clo801y linked t o  al-3 and encodes a messenqer RNA of 
almost identical sire Iabouc 1700 nucleotides); the linked gene is transcribed 
in the opposite direction and expressed in both light and dark regimes 4 .  Fig. 

4A shows chat the longer probe a [Pig. 11 that had been used in previous work (1) 
detected b t h  mRNAs. chat of al -3  plus the  mRNA of che  closely-linked but 
unrelated gene. Fig. 3 demnacracad that when a probe was used which contains 
only the  al-3 gene [probe b). che mNA for 01-3 was detected only in light-gram 
mycelia and was undetectable in dark-grown mycelia. Probe E detected Only the 
W A  of the linked gens; this m A  comigrated with the al-3 mRNA. brc was not 
phhotoregulated. These  results  have  been  confirmed  with  more  sensitive 51 
nuclease experiments (Pig. 4 ) .  Probes 1 and 2 were totally degraded when Local 
RNA from dark-qrown mycelia was used. while they were  Cmpletely protected using 
total 01: poly(A)* RNA from light-induced mycelia (see below). 

A R C  
L D  L D L D  

Fiq.3: Northern hybridizations. Total mNA was prepared from light-induced ILI 
and from dark-grom ID) mycelia. samples ( 4  pgl of each RNA were  sewrated On a 

with probes a, b and c (Fig. 2). Results are  sham. respectively. in panels A. 
1.28  agarose-€.\ fomldeyde gel. transferred LO w b n d - N  membrane. and hybridized 

B and c 

4- A. Carattoli unpublished results 
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