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Summary: The gene for  the  a lkane- inducib le  ey toch rome  P450, P450alk,  has been  
i so la ted  from the  y e a s t  Candida t ropica l i s  by i m m u n o s c r e e n i n g  a xgt11 l i b r a r y .  
Isolat ion of the  gene has been  iden t i f i ed  on the  basis of  i ts  inducibi l i ty  and pa r t i a l  DNA 
sequence.  Transcr ip t s  of th is  gene were  induced by a lkane  to  leve ls  500 to  1000 fold 
over  those d e t e c t e d  in g lucose-grown cel ls .  The nuc leo t ide  sequence of  the  3' por t ion  of  
this  gene revea led  a coding sequence for  the  heine binding segment  c h a r a c t e r i s t i c  of the  
P450 gene family .  © 1987 Academic V . . . . .  I . c  

Cytochromes  P450 a re  widely d i s t r ibu ted  hemopro te ins  which c a t a l y z e  the  

monooxygenat ion of  a l a rge  v a r i e t y  of compounds using molecu la r  oxygen and 

reducing equivalents  provided by a f l avopro te in  (1,2). The yeas t  Candida tropical is  has 

been repor ted  to  con ta in  two cy toch rome  P450 types :  one c a t a l y z i n g  the  14a- 

demethy la t ion  of l anos te ro l  (P4501an) and the o the r  an a lkane inducible form (P450alk) 

which hydroxyla tes  n -a lkanes  a t  the  t e rmina l  posi t ion (3). As the  f i r s t  enzyme in the  

pa thway  for  a lkane ass imi la t ion ,  P450alk is essen t ia l  for  the  growth of  C. tropicalis  on 

this  carbon source (4). Ce l lu la r  levels  for  both of these  two d i s t inc t  P450s a re  

regu la ted  accord ing  to  the  carbon source  u t i l i zed  and also are  a f f e c t e d  by exogenous 

f ac to r s  such as oxygen p a r t i a l  p ressure  (3,4). We are  in t e re s t ed  in the  i so la t ion  and 

c h a r a c t e r i z a t i o n  of these  P450 genes in o rder  to  e luc ida t e  the  molecu la r  basis of t he i r  

regula t ion  and to  enable  s t ruc tu re - func t ion  compar isons  with P450s f rom higher  

eukaryotes  and from Sacchrornyces  cerev is iae  (5). Here  we r epo r t  the  i so la t ion  

from C. tropicalis  of the  gene for  P450alk,  or  P450LIB1 accord ing  to  the  

nomenc la tu re  of Neber t  e t  al  (6). 

Material and methods 

The y e a s t  used was C. tropical is  ATCC 750. Two l ibrar ies  were  cons t ruc t ed  
with Sau3A pa r t i a l l y  d iges ted  genomic  DNA, one of 8 to  10 kb f r a g m e n t s  inse r ted  in 
the  BarnHI s i te  of  YRp vec to r  pAB107 (7) and one of  sma l l e r  f r agmen t s  l inked with  

Abbreviations : IPTG: Isopropyl 8 - th ioga lae topyranos ide ,  aa: amino acid.  
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EcoRI linkers in the Xgtll expression system. The latter library was constructed 
according to Huynh et al. (8). g. cell  Y1090 was used as the host for the library and E. 
coli Y1089 as a lysogenic strain. Immunoscreening of the expression library was 
performed according to Huynh et al. (8) using the BLOTTO procedure (9) with 
polyvalent rabbit antibody prepared with P45Oalk protein isolated from C. t ropical is  
(10). Positive signals were detected with 125I-protein A. Affinity purification of the 
P450alk antibody with 13-galactosidase fusion protein from recombinant phage clones 
was carried out as described by Johnson et al. (11). Polyacrylamide eleetrophoresis 
was performed according to Liimmeli (12). For the isolation of RNA, cells were grown 
at 30oc on a rotary shaker (400 rpm) to mid-log phase on complete medium 
containing 2% glucose or 1% tetradecane (1O). Following the addition of 0.05 rag/m1 
Actinomycin D, the cultures were continued for two minutes and then cooled on ice. 
Cells were peUeted and washed with TE (10 mM Tris-HC1, pH 7.2, 1 mM EDTA). 
Following disruption of cells with glass beads, total RNA was isolated according to 
Chirgwin et  al. using isothiocyanate buffer (13). The mRNA fraction was isolated by 
affinity chromatography on oligo-dT cellulose. RNA was glyoxylated p r io r  to 
electrophoresis in 1% agarose with 10raM NaHPO4 (pH 7.0) as running buffer. RNA 
was blotted on Genescreenplus as described by the supplier (DuPont). RadiolabeUed 
DNA was prepared by random primer labelling (14). DNA sequencing was performed 
according to Ahmed (15) with quasi-end labelling as described by Duncan (16). 

Results and Discussion 

P450alk gene isolation 

Immunosereening of the Xgtll library yielded 7 positive clones, identified as 

isolates 4,5,11,13,14,19,24. These were then analyzed for the production of IPTG- 

inducible proteins in E. cell Y1089 lysogenic strains. Immunoblots of cell extracts 

revealed 4 classes of P450 immunoreactive proteins with apparent molecular weights of 

162, 145, 132 and 120 kDa, (Fig. 1). The same protein bands were also detected by 13- 

galaetosidase antibody (data not shown), demonstrating that these proteins were 13- 

galactosidase fusion proteins. Thus, each of these phage clones contained a DNA insert 

oriented in phase with the transcriptional reading frame of the lacZ gene segment in 

),gt11. To confirm the P450alk gene identity of these clones, fusion protein coded by 

clone 11 in E. coil Y1090 was used to obtain affinity-purified P450alk antibody. This 

antibody was then immunoblotted with partially purified P450alk. As shown in Fig. 

2, affinity-purified P450alk antibody was able to detect a single band of 54 kDa 

corresponding to the molecular weight of the silver stained P450alk protein. When we 

used the DNA insert from clone 11 to probe the six other clones in a Southern blot, only 

clones 5, 19 and 24 cross-hybridized (data not shown), thus eliminating the three other 

isolated clones as gene candidates. Presumably, the isolation of these three clones 

occurred due to the presence of P450alk non-specific antibodies in our initial 

preparation. Fig. 3 shows DNA insert sizes from each confirmed clone and their 

corresponding P450 coding sizes. Since for each clone the coding size of the yeast 

portion of the fusion protein is shorter than the total insert size, it is predicted that 

these inserts contain the termination codon originating from the 3' end of the P45Oalk 

gene itself (indieated in Fig. 3 by the vertical bar on each clone). 
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Fig. 1. Immunoblot of E. coli Y1089 lysates (after lytie induction at 42°C and IPTG 
induction). Lane 1, clone 11; lane 2, clone 5; lane 3, clone 13; lane 4, clone 4; lane 5, 
kgtll. Western blot on nitrocellulose was probed using P450alk antibody, which had 
been previously cross-absorbed with E. coli antigens. Signals were detected by 1251- 
protein A labelling. Numbers on the right side of the Fig. show the position of 
molecular weight standards in kDa. 

Fig. 2. De tec t ion  of P450alk using aff ini ty  purif ied antibody.  Lane 1: Immunoblot  of 
par t ia l ly  purif ied P450alk using aff ini ty  purif ied P450alk antibody. Ant i se ra  was 
aff ini ty  purified using lysates of IPTG induced E. colf Y1090 obta ined with clone 11. 
The posit ive band was de t ec t ed  by 125I prote in  A labelling. Lane 2: s i lver  s ta in  of 
par t ia l ly  purified P450alk in 10% SDS-PAGE. The prominent  band in both  lanes had an 
apparent  molecular  weight of 54 kDa. 
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Fig. 3. Genomie res t r i e t ion  map of the  P450alk gene. Radiolabel led inser ts  of clones 
11 and 5 were used as probes for the P450alk gene in C. tropiealis DNA digested 
with: B, BamHI; H, HindIII; Bg, BglII and R, EcoRI. Insert from clone 11 was aligned 
based upon digestion with BglII, which gave 2 fragments of 0.9 and 1.2 kb. The dashed 
arrow indicates the orientation and location of the P450alk gone based upon the 
predicted size of this gone and the calculated position of the 3' end coding segment for 
inserts of clones 11, 5, 19 and 24. 
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Genomic res t r ic t ion map of the P450alk gene 

A res t r ic t ion  map of the P450alk gene was cons t ruc ted  using EcoRI inserts  from 

clones 5,11,19 and 24 as probes in Southern blots of genomic digests of C. tropicalis 

(Fig. 3). The orientation (5' ---> 3') of the chromosomal gene was determined by 

analyzing hybridization characteristics of inserts from clones 11 and 5. The insert 

from the latter clone, which contains a coding sequence larger than that accounted for 

in clone 11, hybridized with the same 2.3 kb HindIII/EcoRI fragment detected by the 

insert from clone 11 but did not hybridize with genomic fragments detected by the 3' 

end of clone i i  insert (Fig. 3). This indicated that this 2.3 kb HindIII/gcoRI fragment 

contained the P450alk gene, considering that the required coding sequence for a 54 

kDa protein should be approximately 1.5 kbo Screening of the pABI07 library with clone 

11 as a probe yielded plasmids pDS1 and pDS2. Restriction analysis of both plasmids 

revealed that they contain inserts large enough to contain the entire P450alk gene (Fig. 

3). 

Northern blot analysis of mRNA from glucose- and tetradecane-grown cells 

As tetradecane and other related alkanes were reported to induce the 

biosynthesis of the P450alk protein (4, 17), we should be able to detect an increase of 

the P450alk gene transcripts in cells growing with tetradecane. The 2.3 kb 
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Fig. 4. mRNA analysis. A) Northern blot of mRNA from tetradeeane- (t) and glucose- 
grown (g) cells from C. tropicalis probed with the 2.3 kb HindIII/EcoRI fragment 
containing the P450alk gene. Lanes 1 and 2:10 lag and 5 lag mRNA (g). Lanes 3,4,5,6: 
5, 1, 0.5, 0.1 lag mRNA (t). The apparent molecular size of the major band obtained in 
lanes 3-6 was 1.75 kb based upon the position of the 25 and 18S ribosomal RNA indicated 
in the left of the Fig. As a control for the presence of mRNA in lanes 1 and 2, ADE2 
gene from C. albicans was used as a probe of this same stripped Northern blot and 
showed bands of approximately the same intensity in lanes 2 and 3 (data not shown). B) 
Slot blots of i) mRNA (g), 5 ug and 2) mRNA (t), 1 lag. Dilution coefficients are shown 
on the right side of the Fig. X-ray film was preflashed and exposed for 20 hrs. Relative 
intensity of signals determined by densitometry indicated that mRNA (t) is 500 to 1000 
fold higher than mRNA (g). 
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GTT GTT ATG TAC ACG ATT CTT GCT ACT CAC AGA GAT AAA GAC 
Val Val Met Tyr Thr l le Leu Ala Thr His Arg Asp Lys Asp 

• : . : : . . 

Thr Glu Val Tyr Pro I le Leu Set Set Ala Leu Hr's Asp Pro 
390 

TAT GTT TTC AGG CCA GAA AGA TGG TTT GAA CCT GAA --- ACC 
Tyr Val Phe Arg Pro Glu Arg Trp Phe Glu Pro Glu --- Thr 

Asp Set Phe Ash Pro Glu His Phe Leu Asp Ala Asn Gly Aia 
410 

+++ 
TAT GTT CCA TTC AAT GGC GGT CCA AGA ATT TGT TTG GGT CAA 
Tyr Val ProlPhe Asn Gly Gly Pro Arg l le Cys Leu Gly Gin 

• [ " . : : : : : . 

O'he Met Pro P'he S'er T'hr Giy Lys Arg I le Cys Leu Gly Glu 
430 +++ 

I 
GCA TCA TAT GTC[ACT 
Ala Ser Tyr Val[Thr 

1 
Leu Phe Leu PhelPhe 

1450 

ACT GAA TAT CCA CCA 
Thr Glu Tyr Pro P r o  

Lys Asp I le Asp Leu 
470 

GTA CAA ATG TAT TTA 

Val Gin Met Tyr Leu 

l le Cys Phe Ser Ala 
490 

GTT AGA TTG CTT CAA GAA TTT GGT AAC 
Val Arg Leu Leu Gln Glu Phe Gly Asn 

• . : : . X . 

Thr Thr I le Leu Gin Asn Phe Ser Val 

AAA TTA CAA AAC ACA TTG ACT TTG TCT 
Lys Leu Gin Asn Thr Leu Thr Leu Ser 

Thr Pro Lys Glu Ser Gly I le Gly Lys 

ATT TTA TAA GTT ATT CAA AAA CGT GTT 

l le Leu --- 

Arg--- 

ATT TAT GGT GAA GAT GCT 
l le Tyr Gly Glu Asp Ala 

Gin Tyr Phe Asp His Pro 
400 

AGA AAA TTG GGC TGG GCA 
Arg Lys Leu Gly Trp Ala 

X 
Leu Lys Lys Ser Glu A}a 
420 

CAG TTT GCT TTA ACT GAA 
Gin Phe Ala Leu Thr Glu 

GTy li~ Ai~ A~ A~ G}u 
44O 

TTG AAA CAA GAT CCA AAT 
Leu Lys Gin Asp Pro Asn 

Ser Ser His Leu Ala Pro 
46O 

CTT TTT GAA GGT GCT GAA 
Leu Phe Glu Gly Ala Glu 

ITe Pro Pro Thr I le Gin 
480 

TTT GGA ATT GCG TTC ACG 

Fig. 5. Nucleotide sequence of the 3' position of the P450alk gene from C. troplcalis. 
The derived aa sequence is shown immediately below the nucleotide sequence. The 
aa sequence of the P450b gene is shown in italics (19). This sequence has been aligned 
with the yeast sequence by the FASTP algorithm on BIONET (18), with the invariant 
cysteine marked (+++). This algorithm marks the region of highest homology at the 
beginning and end with an X and indicates identical aa (:) and conservative replacements 
(.). Numbers below the aa rat liver sequence indicate their respective position from the 
first aa. Two vertical lines delimit the 21 aa HR2 region common for P450 primary 
structures. 

HindlII/EcoRI fragment  isolated from pDS1 was used to probe Northern blots of mRNA 

fractions from glucose-  and te tradecane-grown cel ls .  As shown in Fig. 4A, this 2.3 

kb fragment  does contain a coding sequence  inducible by te tradecane .  The s i ze  of  

the inducible mRNA transcript,  1.75 kb, is appropriate for an mRNA encoding the 

P450alk protein. This procedure did not d e t e c t  this mRNA from g lucose-grown ce l l s .  

However ,  s lot  blot analysis of mRNA from glucose-grown and te tradeeane-grown ce l l s  

shows that a 500 to 1000 fold e levat ion of  P450alk mRNA occurred in ce l l s  grown on 

te tradecane  (Fig. 4B). Comparable  results  were obtained by Wiedmann et  al., for the 

leve ls  of P450 transcripts in C. rnaltosa grown on glucose or on alkanes (17). They 

showed that induction on alkane resulted in a 500 fold increase in P450 transcripts .  

Partial nueleot ide  sequence  of the P450alk gene 

From pDS1, we  subcloned the 4.1 kb BamHI fragment  containing the whole  

struetural P450alk gene  into pAA3.7x,  a plasmid which generates  transposon-promoted 

delet ions used for plasmid sequencing (15). We sequenced the 3' s egment  of  the cloned 

fragment,  as the region predicted to contain the 3' end of  the P450alk gene.  A 

sequenee of approximately  300 bp revealed an open reading frame with a terminat ion  
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eodon. A search (18) for similarities in the National Biomedical Research Foundation 

Database showed that this translated sequence was clearly related to the P450 gene 

family. Our amino acid sequence was most similar to the C-terminal sequence of the 

phenobarbital-inducible P450 gene from rat liver, P450b (19). Included in this region 

is a pattern of invariant and variant amino acids highly conserved among P450 

families, termed HR2 (29), which makes up a part of the heme binding site and 

contains a eysteine residue as the fifth ligand of the iron molecule. The DNA sequence 

we have determined and the characteristic HR2 segment it encodes are shown in Fig. 5. 

In conclusion, we have shown here that we have isolated a cytochrome P450 

gene from C. tropicalis and that this gene is induced by growth on tetradeeane. 

Sequencing of the complete P450alk gene is in progress. Experiments are planned to 

examine the control of its transcription in C. tropicalis. Moreover, since S. cerevisiae 

is unable to grow on alkanes and is likely to lack this particular gene, we will test the 

expression of the P450alk gene and the function of its product in this organism. 
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