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Abstract

Expression of genes involved in methanol metabolism of Pichia pastoris is regulated
by Mxrlp, a zinc finger transcription factor. In this study, we studied the target gene
specificity of Mxrlp by examining its ability to bind to promoters of genes encoding
dihydroxyacetone synthase (DHAS ) and peroxin 8 (PEX$), since methanol-inducible
expression of these genes is abrogated in mxrI-null mutant strains of P. pastoris.
Different regions of DHAS and PEX8 promoter were isolated from P. pastoris
genomic DNA and their ability to bind to a recombinant Mxrlp protein containing
the N-terminal 150 amino acids, including the zinc finger DNA-binding domain, was
examined. These studies reveal that Mxrlp specifically binds to promoter regions
containing multiple 5-CYCC-3' sequences, although all DNA sequences containing
the 5-CYCC-3' motif do not qualify as Mxrlp-binding sites. Key DNA-binding
determinants are present outside 5'-CYCC-3' motif and Mxrlp preferably binds
to DNA sequences containing 5-CYCCNY-3' than those containing 5'-CYCCNR-
3’ sequences. This study provides new insights into the molecular determinants of
target gene specificity of Mxrlp, and the methodology described here can be used for
mapping Mxrlp-binding sites in other methanol-inducible promoters of P. pastoris.
Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

is the P. pastoris homologue of Saccharomyces
cerevsiae Adrlp and it was suggested that Mxrlp

Methanol expression regulator 1 (Mxrlp) is a
novel zinc finger protein essential for the methanol-
inducible expression of genes involved in methanol
utilization pathway of Pichia pastoris (Lin-
Cereghino et al., 2006; Hartner et al., 2008). The
amino-terminal zinc finger motif of Mxrlp shares
70% identity with the zinc finger DNA-binding
domain of Saccharomyces cerevisiae Adrlp (alco-
hol dehydrogenase II synthesis regulator), a tran-
scription factor regulating the expression of genes
involved in the metabolism of glycerol, ethanol
and oleic acid (Lin-Cereghino et al., 2006). Mxrlp

Copyright © 2010 John Wiley & Sons, Ltd.

and Adrlp may bind similar DNA sequences
(Lin-Cereghino et al., 2006). The sequence 5'-
CYCCRD(N4-36)HYGGRG-3' is the consensus
sequence for Adrlp (Shuster ef al., 1986; Eisen
et al., 1988; Cheng et al., 1994; Cheng and Young,
1995) and DNA sequences similar to S. cere-
visiae Adrlp-binding sites are present in the pro-
moter of the gene encoding alcohol oxidase I
(AOXI), the first enzyme involved in methanol
metabolism (Lin-Cereghino et al., 2006; Hartner
et al., 2008). Deletion of the CYCC motif of the
putative Adrlp-binding site of AOXI promoter was
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e DHAS-1F 2
EG‘ITGMMGMGCM TCTAGAGT IGITICAT GARAGGETTACGGETCTIGAT TGEITIGAGATATGCCAGAGGACAGATCARTICTGTGGITIGCTAAARC
ACAACTATICIGCGTAAGATCTCARCARRGTACTTTICCCAATGCCCACAACTAACCARRCTCTATACGEICTCCIGICTAGTTAGACACCAARCGATITIG

=980

-880 TGGAAGTCIGGIAAGGRCICTAGCAAGTCCGITACTCARRRRGTCATACCARGTARGATTACGTARCACCTGGGCATGACTTTCTARGTTAGCARGTCAL

ACCTTICAGACCATTCCTGAGATCGT TCAGGCAATGAGTTTTTCAGTATGGTTCATICTAATGCATTGTGGACCCGTACTGAARGATTICARTCGTTCAGTG
DHAS-2F LIl

P > DHASZ2a (-69% to-6ED)

=780 CMGAGGGICC’I L‘II‘IMCGITI‘GGCGGTATCTGMACACMG&CTTGCCTATCCCRTAGT N.’.‘ATCAIA‘I‘IACCIGICMGctntgccagcccactagaaa
GITCICCCM_‘RMTIGCMLLLvM TAGACTIIGIGTICT MCGGATRGGGIﬁICﬁTGIﬁGIﬁTMTGG&CR’GTICI;atacqatg_mtq‘tcttt

T T DEESTIR DHAS2e (-642 to-623) HASZ2d({-599 te -5E80)
t.a.t:ct:caaaaqtthGIGum.HGMTTRCTGGt,u.ct.r.cac:cct:ataacaaaCTTMTMTTIE.‘IGHGCCMTGaugtuaccccattcnat

atqggg‘:.l::1:caacITCACTTTITThCTI‘ITMTGhCCa:t.gaa.q:g_g_g_g_uwg‘:t:GMIIhﬂm&h&rCGGrTnCtt:catttMuag:u
DA G o N FABSe (588 Lo 57 - DHAS3b (-508 to -487) DHAS3c(-497te -478)
TCCGAGATITAGTatacttgcccctataagaaiCGARGGATITICAGCTTCCTTacCCCatgaacagARRTCITCCATILACCCCCCACTYgagagate

GGCTCIM‘IChu‘:qn atattctyIGCTICCTAAAGTCgaaggaatggggrac :tqad‘l‘ TTAGhaggtaaatggggggrgacctcrctag
TTTTDHAS-2R DHASIa (532 £ D13 | DHAS3d (-408 to -389)
cgCcCCARACGAACAGRTARTAGAR AR AAGARATTCGGACAARTAGRACACTTICTCAGCCARTTARAGTCATccatgcactccetttagetGCCGTICC
gc:gGGTT‘IGCTIGTCTHI}.&TCI‘ITITTCITTMGCCTGTTTM‘CTTGTGnmmrcmrummcrhgqtacqtgaqgguntcgaﬁ:‘GGcMGG
DHAS-4F DHAS4a (-32& to -307)
ATCCCITIGTIGAGCAACACCATCGTITAGCCAGTACGAAAGAGGAAACTIAACCgataccttygagaaatctaaGGCGCGAATGAGI ITAGCCTAGATAT
IRGGGmCMCECw. TGIGGTAGCAATCGGTCATGCTITCTCCTITGAATTGG ctatggaacctetttagattCOGCGCTTACTCARRTCGGATCTATA

-680

=580

=480

=380

DEAS AN DHAS4b (-261 to -242)
-280 CCTTAGTGAAGGGITGTICcgatacttcLccacattcag CATAGRTGGGC&GCTITGTT&TChTGhRGBGﬂ.CGGMMGGGCRITMGGGTTRPECGC
GGAATCACTTCCCAACARGY ctatqaﬂaiitgtaagt G'IM’CIJ'-LCCCG'ICGAMCMTRGT.&CTICICTGCCTIIGCCDGIMILCCCMITGGCGG

D =5F P DHASSa (-166 to -147) |

-180 ARRTTATATARAGAcaacatgtccce ccaqttta.aa.GII'EIICTIICCIAIICTIGTJ’LICCTGMIGACCGHH GTTTAATATARCARGTICGITITRACT
TITAATATATITICIgttgracaggggrcaaat et CARRRAGRARGGATARGARCATAGGACTCACTGGCAACRCARRTTRTATIGTICARGCARRATIGA
DHASSD (-57 ta -38) |
-80 TARGACCAARRCCAGTTACAACRaattataacccctotaaacaCTAARGTTCACTCTTATCAARCTATCARACATCRRAR ~1
ATTCIGGTITIGGICAATGTTGTttaatattggggagatttgtGAT TTCAAGTGAGAATAGTTIGATAGTITGTAGTITIT
A e e e -
DHAS-5R

Figure 1. Nucleotide sequence of DHAS promoter and strategy for the PCR amplification of promoter DNA fragments.
The forward (F) and reverse (R) primers used in PCR reactions to obtain amplicons encompassing five different promoter
regions (DHASI-5) are indicated by unbroken and broken arrows, respectively. Oligonucleotides (20 bp) containing the

core 5'-CYCC/GGRG-3’ sequence (underlined) used in EMSA studies (Figure 3b) are boxed

shown to result in 70% decrease in AOXI gene
expression, indicating a key role for this sequence
in AOXI gene regulation (Hartner et al., 2008).
In addition to AOXI, expression of a number of
other genes involved in the methanol utilization
pathway, such as those encoding dihydroxyace-
tone synthase (DHAS), formaldehyde dehydroge-
nase (FLD), peroxins 5, 8, and 14 (PEXS, PEXS,
PEX14), is also affected in mxr/-null mutant strains
(Lin-Cereghino et al., 2006). Whether methanol-
inducible expression of these genes is medi-
ated by the direct binding of Mxrlp to CYCC
motifs present in their promoters is not
known.

When P. pastoris cells are grown in methanol,
expression of enzymes of methanol metabolism,
as well as proteins involved in peroxisome bio-
genesis (peroxins), is induced (Cregg et al., 1989;
Lin-Cereghino et al., 2000; Hartner et al., 2006).
During methanol metabolism, methanol is first
converted to formaldehyde by AOX, which is

Copyright © 2010 John Wiley & Sons, Ltd.

further oxidized by FLD and formate dehydroge-
nase (FDH) to generate energy. In another path-
way, formaldehyde is condensed with xylulose
5-phosphate by DHAS to generate two three-
carbon molecules that enter a cyclic pathway lead-
ing to the regeneration of xylulose 5-phosphate, as
well as synthesis of one net molecule of glycer-
aldehyde 3-phosphate for every three runs of this
cycle. The reactions catalysed by AOX and DHAS
occur in peroxisomes and therefore, peroxisomes
are essential for growth of P. pastoris in methanol
(Cregg et al., 1989; Lin-Cereghino et al., 2000;
Hartner et al., 2006). When the carbon source is
switched from glucose to methanol, in addition
to AOX, FLD and DHAS, expression of a num-
ber of PEX genes, many of which encode com-
ponents of peroxisome import machinery, is also
induced. In a recent study (Kranthi et al., 2009),
we have identified six Mxrlp-binding sites in the
AOXI promoter, each of which consists of a core
5’-CYCC-3' motif. In this study, we have examined
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PEXE-1F

=1000 GGTCATGChGhTcCTC&TGTTChTCththATCCTCTTCHTTGTTTGAAﬂCTGﬂchﬁchGTCTGTTR&CTTCCTCTGTT

CCAGTACGTCTAGGACGTACAAGTAGTAGTAGTAGGAGAAGTARACAAACT TGGACGETCGTCAGACAATTGARAGGAGACARN

=920 GACCGTGTTGGTTCACTTTTGAGTTTITGGTATCGATAGTCTCAAGCATAACCCCTTTCCGGGCAGTATATCTCTATGTAG
CTrGECACAACCAAGTGAARACTCAAARACCATAGC TATCAGAGTTCGTATTGGGEGAAAGGCCCGTCATATAGAGATACATC
EEMB-2F
-840 TAGTATTCCAATCAAATACCCTGTAGCABAGGGAATAATGETGAAIATTGCChATTGTlGGATGhGAACCTTGATGhAGk
ATCATAAGGTTAGTTTAT ACATCGTGTCCOCTTATT. CTTATAACGETTARCATCCTACTCTTGGARACTACTTCT
PEXE8-1E
=760 ACTGGTCTGTTAGGACGATCTTCGAATTAGGCCTAGATTCGTTAACTTTCAGATTAAGCTGGAATTTGTATGCCGAGGGT
TEACCAGACAAT CCTGCTAGAAGCTTAATCCGEGATCTAAGCAATTGARAAGTCTAATTCGACCTTARARCATACGECTCCOCA
—&80 GTAGATTGAARAATARARAAT ARATCAACGATGTGATGATTCCARATGGACCEGECAGACACATAAATGTCCAATCCCAGCAR
CATCTAACTTTTATTTTTATT TAGTTGCTACACTACTAAGGTTTACCTGGCCGTCTGTGTATTTACAGGTTAGGGTCGTT
. EEXE-3F > -+ ———— ey — e
—&00 ATGntangctacctccatcantatTGTGGTAGGAACCRTGTTGTAG)AGTAGGATGC&&G&ncnaccccg&gnaucttat
TACTattocgatggaggtagttataACACCATCGTTGGTACAACATCTTCATCCTACGEtEgatgttggggetetttgaata
PEXB-3a (=596 te =-577) PEXEB-3b (-543 to -524)
=520 t.gﬂc cataaatTCTTTCCAGATGCTTGATGEGCAARAATGAATCAATGCAACACCAATCATGACCTCTGATTCGTTCTGA

PEXB-3c (-527 te -508)

—440

=360

=280

=200

=120

=40

acctocggtatttaAGARAGGTCTACGAACT ACCGTT T TACT T AGTTACGTTGTGETTAGTACTGGAGACTARAGCAAGACT
PEXB=-3d (=424 to =-405) FPEXS-3e (=412 to =383) PEEKE-3f (=335 to =3176)

tcaatatcctccagtattgtoctoccactgactgataaaggggtogtagetAMGGATAAACACATA

agttata cataacaga bgactgaccabttccccagcabcgaIchThTTTGTGTAT

AAGCTCAATTGGET
TTCGRGTTAACCAT

EXE-4F ERE SR
CTTE&GGTC&A&A&GTG&TGChﬂnﬁhTTGGGRGC&RTRTcﬂGchhﬂaCTGTGﬂﬂCGCCTTlChTCGTGGHRCCTGGTGG&
GAARCTCCAGTTT T TCACTACGTT I TTAACCCTCGTTATAGTCGTTGTGACACTTGCGEAATGTAGCACCTTGEACCACCT

ATCCTTTGGETATCAGGGAAGACATTAACCAGTGTTTTCTTATCTATTTGTCTTT TTACACTAAAGTGAAGTACGAATCC
TR.GGmCCCATlG'I‘CCCTTCTGTMT'I‘GGTEﬁcﬂmm'[‘mlﬂ!mCﬂ.GumTGTC—El‘I;I‘WTClCTTCATGCTTlGG
FEXB-5F

-
ATGCGattguttcctcctcagﬂtntEhGCTGAATTCTTGCTTATGTBATAETTGCGCGRAETACATGTGBACTTAGG&TT
ThACGCtaactaaggaggagtctataETCEGACTTAAGAACGAATACATTATGAACGCGCTTGATGTACACTTGAATCCTAR
e FEX8-5a (-195 to -1T76)
CGHE&nggctgsﬂgggtcnnccnnccccnctfcqn
GCattccocgacccocccagttggttggggtgaagtt

PEXB-Eb(-118 to -97) PEMA-5c(-104 to -85)
ACGAAGCAATTTTTTTTTACCTATCTTCAGGTGCCTGTTA
TGQTTCGTTAAAAAAAAATeEPTAGhAGTCCACGGACAAT

GCCGACCCGTATARATAGCCTCTGCGTCCTCAGATCARCARG
TCEECTEEECATATT TATCGEGAGACGCAGGAGTCTAGTTETTC

=1

Figure 2. Nucleotide sequence of PEX8 promoter and strategy for the PCR amplification of promoter DNA fragments.
The forward (F) and reverse (R) primers used in PCR reactions to obtain amplicons encompassing five different promoter
regions (PEX1-5) are indicated by unbroken and broken arrows, respectively. Oligonucleotides (20 bp) containing the core
5'-CYCC/GGRG-3' sequence (underlined) used in EMSA studies (Figure 3b) are boxed

the promoter sequences of genes encoding DHAS
and PEX8 and identified nucleotides outside the
core 5'-CYCC-3’ motif that are essential for Mxrlp
binding. Based on these studies, we have derived
a consensus sequence for Mxrlp binding.

Materials and methods

Synthesis of oligonucleotides and preparation
of radiolabelled DNA probes

Oligonucleotides were purchased from Sigma-
Aldrich Chemicals (Bangalore, India). Promoter
regions of DHAS and PEX8 were isolated by
PCR amplification of P. pastoris genomic DNA,
using appropriate primers (Figures 1, 2). 3’P-
labelled DNA probes were generated by radio-
labelling the 5’ ends of double-stranded DNA
with (y-3*P)ATP and polynucleotide kinase, using

Copyright © 2010 John Wiley & Sons, Ltd.

standard molecular biology protocols (Sambrook
et al., 1989). After radiolabelling, unincorporated
radionucleotides were removed by Sephadex G-50
chromatography.

Preparation of recombinant Mxr|p

Overexpression and purification of recombinant
Mzxrlp has been described recently (Kranthi et al.,
2009). This histidine-tagged protein consisting of
the first 150 N-terminal amino acids, including the
zinc finger DNA-binding domain, is referred to as
Mxrlp in this study.

Electrophoretic mobility shift assay (EMSA)

Purified recombinant Mxrlp (10 ng) was incubated
with 3?P-labelled DNA probes (20000—40000
cpm) in a 30 ul reaction containing buffer B
(50 mm Tris—HCI, pH 8.0, 50 mm NaCl, 1 mm

Yeast 2010; 27: 705-711.
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Figure 3. ldentification of Mxr|p-binding sites in the promoters of DHAS and PEX8. (A) Mxrlp-binding to DHAS and
PEX8 promoter regions containing varying units of 5-CYCC-3" motifs. The promoter DNA fragments used in EMSA
are described in Figures | and 2. (B) Analysis of Mxr|p-binding to DHAS and PEX8 promoter regions containing a single
5’-CYCC-3" motif by EMSA. DNA sequences are described in Figures | and 2. DNA-binding studies were carried out with

32p_Jabelled DNA probes (30000 cpm) and 10 ng Mxr|p

DTT, 100 ng poly(dI-dC), 0.05% NP-40 and 6%
glycerol) for 30 min at 4 °C. In some experiments,
Mxrlp was incubated first with excess unlabelled
oligonuceotides for 5 min prior to the addition
of ¥P-labelled DNA probes. The reaction mix-
tures were subjected to electrophoresis at 4 °C on
5% non-denaturing polyacrylamide gel in a buffer
containing 7 mM Tris—HCI, pH 7.4, 3 mMm boric
acid and 1 mm EDTA. The gels were dried and
autoradiographed.

Results and discussion

We recently demonstrated that Mxrlp binds at
six different regions in the P. pastoris AOXI pro-
moter, each of which consists of a core 5-CYCC-3’
motif (Kranthi et al., 2009). Mutations within this
core motif abolishes Mxrlp binding to DNA and
this core motif is essential but not sufficient for
Mxrlp binding (Kranthi et al., 2009). We reasoned

Copyright © 2010 John Wiley & Sons, Ltd.

that the core 5-CYCC-3’ motif may be a com-
mon element of Mxrlp-binding sites of promoters
of other genes of methanol utilization pathway as
well. To examine this, we selected the promot-
ers of genes encoding DHAS and PEXS, since
methanol-inducible expression of both these genes
is abrogated in mxr/ mutant strains (Lin-Cereghino
et al., 2006). The DHAS promoter (—980 to —1 bp)
and PEX8 promoter (—1000 to —1 bp) contain 13
and 11 5'-CYCC-3' motifs, respectively (Figures 1,
2). To examine whether DNA sequences contain-
ing these motifs bind Mxrlp, specific oligonu-
cleotide primers were designed to amplify dif-
ferent promoter regions of DHAS and PEXS8 by
PCR from P. pastoris genomic DNA (Figures 1,
2) to generate PCR products (DHAS1-DHASS
and PEXS8-1-PEX8-5) containing varying units
of 5-CYCC-3' motifs (Figures 1, 2). These DNA
fragments were radiolabelled and their ability to
bind to Mxrlp was examined by electrophoretic

Yeast 2010; 27: 705-711.
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DHASZ2d 5¢ AAAGTAAACCCCATTCAATG 3
DHAS Za 5° CTTCCTTACCCCATGAACAG 3r
DHAsS 3b 5 TCCATTTACCCCCCACTGGA 3r
DHAS 4b 5”7 CGATACTTCTCCACATTCAG 3
DHAS S5b 5* AARTTATAARCCCCTCTAAACA a3
= PEX8-3b 5° AACTACAACCCCGAGAAACT 3
PEX8-3e 5 AGTATTGTCTCCACTGACTG 3’
PEXB-5a 57 ATTGATTCCTCCTCAGATAT 3r
PEX8-5b 57 TTGGTTGACCCCCCAGCCTTAT 37
FPEXB8-5c 5" TCARCCAACCCCACTTCARAA 3r
PaoxMXRE1 5’ GCTAGTGTATCCCCTCCTGT 3
PaoxMXREZ o TCCTCTTCTCCTCAACACCC a2
ProxMXRE3 57 CAACAAGCTCCGCATTACAC 3
ProxMXRE4 i ACTATTTGACCCCACACTCA 37
ProxMXRES 5* CGGGTGTTTCCCCATTTGCG I
PaoxMXRE6 57 TGCATTGTCTCCACATTGTA 3

Consensus seguence 5" CYCCNY 3

B Consensus 57 cYCccNlY] 3

DHASZe 5/ TATACTTGCCCCTATAAGARA 3’
DHASZ2e-M 5’ TATACTTGCCCCTICTAAGARA 3’

DHAS4Db 5/ CGATACTTCTCCACATTCAG 3’
DHAS4b-M 5 CGATACTTCTCCARAATTCAG 3’

C DHAS2e DHASZe-M DHAS4b DHAS4b-M

Mxrlp
=5hem | m o

Figure 4. |dentification of a consensus sequence for Mxr|p-binding. (A) DNA sequences in the AOXI, DHAS and PEX8
promoters that bind to Mxr|p are indicated. The core 5-CYCC-3’ motlf is shown in bold face. The pyrimidine nucleotide
which is conserved in all the DNA sequences except DHAS2b and PEX8-3b (arrows) is underlined. The PaoxMXREs
have been described recently by Kranthi et al. (2009). (B) Nucleotide sequence of DHAS2e, DHAS2e-M, DHAS4b and
DHAS4b-M oligonucleotides. The core 5-CYCC-3' sequence is underlined. The critical nucleotide outside the core motif
vital for Mxr|p-binding is boxed. (C) Demonstration of the importance of the conserved pyrimidine residue outside the
core sequence for Mxr|p-binding by EMSA. DNA-binding studies were carried out with 32P-labelled DNA probes (30 000
cpm) and 10 ng Mxr|p. DHAS2e-M represents the DHAS2e sequence carrying the T — A mutation. DHAS2b-M represents
the DHAS2e sequence carrying the C — A mutation

Copyright © 2010 John Wiley & Sons, Ltd. Yeast 2010; 27: 705-711.
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FLD1 promoter
-1000 CAGCCATTAATCTCACCTCAGTTTTTGAATCAGTAGAATTTTTAATGARACARACGGTTGGTATATTATTTGATAGAGTTGCCAAATTTCCARAGATARR
FLD1 (-B20 to -801)
-900 TTTTTCATCAGGTAATATCCTGAATACCGTARCATAGTGACTATTGGAAGACACTGCTATCATATTATATTTCGGATAAREatCCaaaccccagacogac)
PLDZ (-794 to -175) | FLD3 (-757 to -738)

=800 CTCTTGagtctcaactccaagtcagoCGCAACTTTRATTATCCgtggattgggagotagttt CRACGCATCAGTATAATATAACTTTACGGTTCCAT
=700 TATCAGACGCTATTGCAAGAACTTCCTTTCCATTGATCTCGCCAATGCGGCAGTARTTGATATCGTAGEETAGSTCTGGARAGACGCTGECECTTETETC
FLD4 (=561 to -542) FLDS (-510

=600 COATTCTGCAGGAATCTC TGGCACGETGCTAATGGTAGTtatccaacggagot gaggtaGTCGATATATC TGGATATGCCGCCTATAGEAAaaacag]

to -491)
-500  agagggtgasCCTTGCTTATGECTACTAGATTGTTCTTGTACTCTGARTTCTCATTATGGGARACTARMACTAATCTCATCTGTGTGTTECAGTACTATTE
FLDE (-388 to -369)

-400 AATCGTTGTAGTatctacctggagggoat tocATGANT TAGT GAGATARCAGAGTTGGGTAACTAGAGAGAATAR TAGACGTATGCATGATTACTACACA
FLD7 (-240 to =-221) FLDB (-212 to

-300 ACGGATGTCGCACTCTTTCCTTAGTTARAACTATCATCCARTCACAAGATGCGGGCTGGAaagacttgotcccgaagga tARTCTTCTgottetatetee

-183) |k FLDY (-179% to -160)
-200 cttcctthATGGTTTCGCAGggctcatqccccttcttcc CGAACTGCCCGATGAGGARGTCCTTAGCCTATCAAAGAATTCGGGACCATCATCGATT
FLD10 (-47 to -28)
-100 TTTAGAGCCTTACCTGATCGCAATCAGGATTTCACTACTCATATARATACATCgCtcaaagot coaact ttgeTTGTTCATACART TCTTGATATTCACA
PEX14 promoter
-1000 TATATATAATGCTATTTTGAGTCCACTAAGCTARATGCTGTTTCTCTTAGCATAGTCARTGATTAGT TTTTCACTCATTTGTACARCARTCGETTTGGTA
PEX14-1 (-B82 to -863)
-900 TCTGCAATGACACTAGAGataattctggaggttageot tGCATACATARGCCGGTTCTGTTCCTTGATAATAATTCCARTCARGGTCTAGT TTGCGAAGAT
-800 AATCTCTGGATAGACCAGCTCTTTCTTCTTCGT TTAGGAT TTTATCGC TATGCARCACCGARRTATTCCTGTARACCCATTGATCTAGTGETTGATGCAR
=700 TCCTATCCCGTGATACTTAGAGCAGC TCTCTTTTAGAGCCCARTACTGTGTTAGAATTTCARRTTGTCTATCTTC TG TG TG TCGAGGRAGTTCACGT TCA
-600 AGAAAGTTCGT TTCGTCTGGGTGAARRATATCAGAAAAGGATCGTARARGCTGTAT TGGGTCCTCTTGARACTGTTTGATTGTTTGTATATCAGCCARAT
-500 CGATTCCTAAT TGCT TAAT CGARGGT TTTT CAGACTCACT TCCCAGT T TTTG TGCATCT T TTC TTCGAARGACARTTCCTACTACAGAT TCATCGTC TGS
-400 CATATTATATTCCAATTGTTTTATAGATGECTTGCCACACSGTGCCACAGTTATCT CAGG T TCARACAGGGTGTCCATCTCATAGT TTAAGGACAGAATT
PEX14-2 (-292 to =-273)
=300 GTTCTTAGcaacaagoctoctagtaagglCATCCTCTGATCATGTCTATTCT TTCTCGCTAGGATTCTGT TACGCTGTTTCARCGACAAT TGACGTARAC
PEX14-3 (-142 to -123)%

-200 ACRGTTCCATTARATRATCATCTTCTAACTCGTTGCCGACTTTGACCACTACRAGAATat ttctttctecttotgtcaACTECTTCCAATGTTGAAAGAT
-100 ATCETCCATTCTTCARCGRAGAAGTTTATTAGARCAGTATTACCTAATCTGAGARGTTCARGECGACGTGTACTGATCCATATGETCCCATCATCAC TGS

Figure 5. In silico analysis of promoters of FLD | and PEX|4. Promoter regions containing the core 5'-CYCC-3’ sequence
or its complement (underlined) are boxed. Potential Mxr|p-binding sites which conform to the consensus Mxr | p-binding

site (5'-CYCCNY-3') are marked by *

mobility shift assay (EMSA). The results indicate
that a shift in the mobility of DNA probes due
to Mxrlp binding was observed in the cases of
DHAS2, DHAS3, DHAS4 and DHASS5 as well as
PEXS-3 and PEXS-5 probes, which contain atleast
two 5'-CYCC-3' sequences (Figure 3A). Mobility
shift of DNA probes was not observed in case
of DHASI and PEXS8-2, which lack 5-CYCC-
3’ motifs, as well as PEX8-1 and PEXS8-4, con-
taining only one 5'-CYCC-3’' motif (Figure 3A).
These results are consistent with our earlier studies
on the AOXI promoter, in which the 5'-CYCC-
3’ motif was shown to be an essential component
of an Mxrlp-binding site (Kranthi ef al., 2009).
To further localize Mxrlp-binding sites within
these promoter regions, oligonucleotides of ~20
bp length containing 5’-CYCC-3’ sequences were

Copyright © 2010 John Wiley & Sons, Ltd.

synthesized (Figure 1, 2) and their ability to bind
to Mxrlp was evaluated by EMSA. The results
presented in Figure 3B indicate that Mxrlp does
not bind to all oligonucleotides containing the
5’-CYCC-3' motif, indicating that, in addition to
the 5’-CYCC-3’ motif, additional sequences flank-
ing this core motif also play a key role in Mxrlp
binding.

In a recent study based on the analysis of Mxr1p-
binding to AOXI promoter sequences, we had
identified the 5-CYCC-3' motif as the consen-
sus sequence for Mxrlp binding (Kranthi et al.,
2009). In this study, we examined whether the
DHAS and PEXS8 promoter sequences which bind
Mzxrlp conform to this consensus sequence. The
results presented in Figure 4A indicate that all
the DNA sequences that bind Mxrlp, except
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DHAS2b and PEX8-3b, conform to the sequence
5’-CYCCNC-3' or 5'-CYCCNT-3/, suggesting that
the consensus sequence for Mxrlp binding is 5'-
CYCCNY-3'. This was confirmed by modifying the
non-binding sequence 5-CCCCTA-3’ in DHAS2e
to 5-CCCCTC-3 (DHAS2e-M) (Figure 4B). In
an EMSA, Mxrlp-binding was observed only
with DHAS2e-M but not DHAS2e (Figure 4C),
indicating that DNA sequences containing the
5’-CYCCNY-3" motif are ideal for Mxrlp binding.
Further, Mxrlp binding to DHAS4b is abolished
when the sequence 5-CTCCAC-3’ is modified to
5'-CTCCAA-3'. Thus, the inability of Mxrlp to
bind to PEX8-4 can now be explained based on
the fact that it contains the 5'-CTCCCA-3’ rather
than the 5'-CTCCCY-3' motif. However, DHAS2c,
DHAS3d and PEX8-3a as well as PEX8-1 are
exceptions, as they do not bind Mxrl1p despite con-
taining the 5-CYCCNY-3' motif, suggesting that
DNA elements other than those identified in this
study may also play a role in Mxrlp-binding to
DNA. The strategy for identification of Mxrlp-
binding sites described in this study is simple and
versatile and can be used for the identification of
Mzxrlp-binding sites in any promoter of interest.
Based on this study, we have carried out an in
silico analysis of promoters of FLDI and PEXI4
genes and identified potential Mxr1p-binding sites
within 1.0 kb upstream region (Figure 5). Promoter
constructs carrying specific mutations in each of
these Mxrlp-binding sites can be examined for
their ability to activate reporter gene expression,
and such studies can pave way for the identification
of Mxrlp-binding sites that function as methanol
response elements in vivo.
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