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Identification of key DNA elements involved in promoter recognition by Mxrlp, a
master regulator of methanol utilization pathway in Pichia pastoris

Balla Venkata Kranthi, Ritesh Kumar, Nallani Vijay Kumar, Desirazu N. Rao, Pundi N. Rangarajan *

Department of Biochemistry, Indian Institute of Science, Bangalore 560012, India

ARTICLE INFO ABSTRACT

Article history:

Received 27 November 2008
Received in revised form 1 May 2009
Accepted 12 May 2009

Available online 18 May 2009

Mxrlp {methanol expression regulator 1) functions as a key regulator of methanol metabolism in the
methylotrophic yeast Pichia pastoris. In this study, a recombinant Mxrlp protein containing the N-terminal
zinc finger DNA binding domain was overexpressed and purified from E. colf cells and its ability to bind to
promoter sequences of AOX! encoding alcohol oxidase was examined. In the AOXT promoter, Mxr1p binds at
six different regions, Deletions encompassing these regions result in a significant decrease in AQXI promoter
activity in vivo. Based on the analysis of AOXJ promoter sequences, a consensus sequence for Mxrip binding
consisting of a core 5’ CYCC 3* motif was identified. When the core CYCC sequence is mutated to CYCA,
CYCT or CYCM (M = 5-methylcytosine), Mxrip binding is abolished. Though Mxrip is the homologue of
Saccharomyces cerevisiae Adrlp transcription factor, it does not bind to Adri1p binding site of 5. cerevisine
alcohol dehydrogenase promoter (ADH2UAST). However, two point mutations convert ADH2UAST into an
Mzxr1p binding site. The identification of key DNA elements involved in promoter recognition by Mxr1p is
an important step in understanding (ts function as a master regulator of the methanol utilization pathway in

Keywords:

Alcohol oxidase
Pichia pastoris

Zinc finger protein
Methanol
Transcription

DNase [ foot printing

P pastoris.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The methylotrophic yeast Pichia pastoris is an excellent model
organism for the study of eukaryotic gene expression and peroxisome
biogenesis as well as production of recombinant proteins [1-4]. In
P pastoris, expression of a number of genes involved in methanol
metabolism as well as peroxisome biogenesis is induced when
methanol or fatty acids are used as the sole carbon source {2,3].
Ameng the methanol-inducible genes, the gene encoding alcohol
oxidase I {AOXT), the first enzyme in methanol metabolism is expressed
at very high levels and as a result P. pastoris AOX1 promoter (Paox;) has
become one of the most extensively used eukaryotic promoters for
recombinant protein expression [1,2]. Despite its industrial impoi-
tance, the mechanism by which methanol induces the transcription of
genes involved in methanol utilization pathway is not well understood.
Recently, a zinc finger transcription factor named Mxrip {methanol
expression regulator 1) was identified as the global regulator of genes
involved in the methanol utilization pathway [5]. P pastoris strains
lacking Mxr1p are unable to grow on peroxisomal substrates such as

Abbreviations: Mxr1p, methanol expression regulator 1; AOXI, alcohol oxidase [;
Paox, promoter of AOXI; DHAS, dihydroxyacetone synthase; PEX3, peroxin 8; MXRE,
MXR response element; EMSA, electropharetic mobility shift assay; Adrip, alcohol
delydrogenase 11 synthesis regulator; HPOOS1, Helicobacter pylori C¥ cytosine
methyltransferase

* Corresponding author. Tel./fax: +91 80 23601492.

E-mail addresses: pnr@biochem.iisc.ernet.in, pnrangarajan@yahoo.com

(EN. Rangargjan).

1874-9399/% - see front matter © 2009 Elsevier BV, All rights reserved.
dol:10.1016/j.bbagrm.2009,05,004

methanol and oleic acid and expression of AOXI as well as several genes
involved in the methanol utilization pathway is severely affected in the
mxr1A strain [5]. Methanol-inducible expression of AOXI as well as
several other genes of the methanol utilization pathway is severely
affected in mxriA strain [5]. A number of promoter sequences involved
in methanol-inducible expression of Pagx; have been recently
identified and some of these harbour potential Mxr1p binding sites
[6]. However, transcription factors binding to these sequences have not
been biochemically characterized.

Mxrlp consists of a C;Hp-type zine finger in the amino terminus
which shares 70% identity with the zinc finger DNA binding domain of
Saccharomyces cerevisice Adr1p {alcohol dehydrogenase I synthesis
regulator), a transcription factor regulating the expression of genes
involved in the metabolism of glycerol, ethanol and oleic acid [5]. In
view of the high degree of homology between the DNA binding
domains of Mxr1p and Adrlp, it was suggested that the Mxr1p and
Adr1p may bind similar DNA sequences [5], While the Adr1p binding
sites are well characterized, the DNA sequence requirements for
Mxr1p binding are not known. Electrophoretic mobhility shift assays
(EMSA) carried out with B pastoris cell extracts overexpressing Mxrip
and a 243 bp Paoy: DNA indicated the presence of an Mxrip binding
site between —415 and —172 bp. This region contains a sequence
similar to that recognized by Adr1p suggesting that Mxr1p and Adr1p
may recoghize similar DNA sequences [5]. However, in silico analysis
of Paox; Tor transcription factor binding sites revealed the presence of
a putative Adrlp binding site between —577 and —571 bp [6].
whether Mxrip actually binds to any of these putative Ads1p binding

This material may be protected by Copyright law (Title 17 U.S. Code)
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sites in Pagy; is not known. In this study, the N-terminal region of
Mxrlp containing the DNA binding domain was overexpressed in E.
coli cells and the ability of the purified recombinant protein to bind to
AOXT promoter sequences {—940 to —1 bp) was evaluated by EMSA as
well as DNase I foot printing. Such studies have led to the
identification of six Mxrip response elements in Paoxs (Paoxi-
MXREs), each of which is of 20 bp in length and consists of a core
5' CYCC/GGRG 3' sequence, Interestingly, Mxrlp does not recognize
the Adrlp binding sites present in the S, cerevisize of alcohol
dehydrogenase promoter upstream activation sequence 1 (AD-
H2UAS1), unless two adenine residues are mutated to cytosine.

2. Materials and methods

2.1. Synthesis of oligonuclectides and preparation of radiofgbeled DNA
probes

Oligonucleotides were purchased from Sigma-Aldrich Chemicals
{Bangalore, India). DNA containing Adrlp binding site present in
S. cerevisiae ADH2 promoter from —237 to —215 bp [7-9] was
generated by annealing the oligonucleotide 5/ GGGTCTCCAACTTA-
TAAGTTGGAGACCC 3' with its complement. ¥2P-labeled DNA probes
were generated by radiolabeling the 5 ends of double stranded
oligonucleotides with [y->*P]ATP and T4 polynucleotide kinase using
standard molecular biology protocols [10]. After radiolabeling,
unincorporated radionucleotides were removed by sephadex G-50
chromatography.

2.2, Preparation of recombinant Mxr1p

The cDNA enceding the first 150 N-terminal amine acids of Mxr1p
was obtained by PCR amplification of P pastoris genomic DNA using
the primer pair 5 CGCGGATCCATGAGCAATCTACCCCCAAC 3’ and
5/ CCCAAGCTTTCAATT TGAGTCCCGGCGGCC 3 and cloned into BamHI
and HindIll sites of pRSETA vector {Invitrogen, USA) using standard
molecular biology protocols [10]. The restriction sites in the primers
are underlined. The recombinant plasmid was transformed into E. coli
BL21(DE3)plysS cells and grown at 37 °C until an Asgo of 0.8 was
reached. Expression of the recombinant protein was induced for 3 i
by the addition of 1.0 mM isopropyl-1-thio3-p-galactopyranoside
(IPTG). Cells were harvested and resuspended in buffer A (50 mM
Tris-HCIL, pH 8.0, 250 mM NaCl, 10% glycerol and 10 mM B-

1 159 1155
Marlp \ i
ARG, an.ﬂl:L
Aok £ F
T \Zn/ Eﬁ 1 Vd AQ
@ ; w® PN
AL e’ TkexprS Snos
38

mercaptoethanol) containing 10 mM imidazole, Cells were lysed by
sonication and the lysate was centrifuged at 10,000 g at 4 °C for
30 min. The clear supernatant was loaded onto a Ni*T-NTA agarose
column (Qiagen, USA) equilibrated with buffer A, The column was
washed with buffer A containing 50 mM imidazole and the
recombinant protein was eluted sequentially with buffer A containing
100 mM and 300 mM imidazole. The 300 mM eluate {ractions
containing histidine-tagged recombinant Mxr1p protein were pooled,
dialysed against buffer A and stored in aliquots at —80 °C. Western
blot analysis of the purified protein was carried out with anti-
histidine tag antibodies (Bangalore Genei, Bangalere, India). The
recombinant protein was subjected to trypsin digestion and the
tryptic peptides were purified by reverse phase HPLC, One of the
purified peptides was sequenced using Procise™ protein sequencing
system (Perkin-Elmer, Applied Biosystems, Foster, CA).

2.3. Electrophoretic mobility shift assay (EMSA)

Purified recombinant Mxr1p (30 nM/10 ng) was incubated with
32p_|abeled DNA probes (20,000 cpm, ~0.2-0.5 nM) in a 30 ul reaction
containing buffer B {50 mM Tris-HCl, pH 8.0, 50 mM Nacl, 1 mM DTT,
0.05% NP-40, 100 ng poly (dI-dC) and 6% glycerol} for 30 min at4 °C.In
some experiments, Mxrip (~25-60 nM) was incubated first with
excess amount of unlabeled oligonuceotides for 5 min prior to the
addition of 32P-labeled DNA probes. The reaction mixtures were
subjected to electrophoresis at 4 °C on 5% nen-denaturing poly-
acrylamide gel in a buffer containing 7 mM Tris-HCl (pH 7.4}, 3 mM
boric acid and 1 mM EDTA, The gels were dried and autoradiographed.

2.4. Measurement of the apparent dissociation constant

The apparent dissociation constant (K3) of Mxrip binding to AOX!
promoter sequences was estimated as the protein concentration at
which half of the radiolabeled DNA probe was shifted in an EMSA.
EMSA was carried out with radiolaheled Py MXREs (~0.5 nM) and
varying amounts of Mxr1p in the presence of 100 ng of poly(dI-dC)
per 30 Ul reaction as described above. The intensity of shifted bands
and free probes was measured in a Phosphorlmager (Molecular
Dynamics). All quantitations were done using fmageQuant software,
version 5.0 {Molecular Dynamics). Experiments were repeated twice
and the mean+standard deviation was calculated. The Ky values
were also calculated by non-linear regression using GraphPad Prism 5

1 MENLEPPTFSSTROS PEDQSEEVPKELSFNGTTP SGKLRLFVCOTC TRAFA

51 ROEHLKRHERSHTKERPESCGI CSRKFERRDLLLRHAQRLH SNCSDAALT
101 RIRRKATRRSSNAAGSTSGSTPVITPNTMGT PEDGEKRKVQRLAGRRDEN

Fig. 1, Overexpression and puification of recombinant Mx¢1p containing the first 150 N-terminal amino acids, () Schematic representation of Mxr1p ovetexpressed and purified
from E. coli cells, The CzHy zinc finger DNA binding domain located between amino acids 38 and 95 s indicated. (B} Coomassie blue-stained SDS gel pattern of lysates of recombinant
E. cofi cells cultured in the absence (lane 19 or presence {lane 2) of PTG, {C} Mxr1p purified by Ni*™ affinity chromatography. Asterisk indicates Mxr{p. (D) Western blot analysis of
recombinant Mxr1p with anti-Histidine tag antibodies. (E) Amino acid sequence of recombinant Mxr1p used in this study4The region homologous to Adrip PAR [11-13] is
underfiped. The cysteine and histidine residues of Mxrlp zinc fingers which co-ordinate with the zinc atoms are alse underlined.

Motif Exhibit 1059, 184 of 653



Case No.: IPR2023-00321
U.S. Patent No. 10,689,656

462 BV, Kvanthi et af. / Biochimica et Biophysica Acte 1789 [2008) 466-468

Table 1 ;@4
O]lgnnucleotldes spanning the P, pastuns AOX1 pl omoter.

3 _Ohgonuc eoude sequcuce

Bgl Il restriction site at —840 bp is underlined. Triangle indicates transcription start site (— 114) 0ve1lappmg regions between two ollgonucleondes are slmwn n bo]d face.
Doublestranded oligonucleatides were radiolabeled at their 5’ ends by polynucleotide kinase and used in EMSA.

(Graphpad Software, Tnc, San Diego, CA}. The equation, Y= (Yo —NS)
(K*)+NS was used, where Yo is the binding at time zero, NS is
nonspecific binding at infinite time and K is the rate constant.

2.5. DNase I foot printing

with tnlabeled complementary strand. These radiolabeled probes
{20,000 cpm, ~0.5 nM) were incubated on ice with Mxrip (60 oM/
20 ng) and 100 ng of poly (dI-dC) in a 30 pl reaction mixture
containing buffer B for 30 min, A 50 pl solution consisting of 10 mM
MgCl, and 5 mM CaCl, was added followed by 0.02 U of DNase |

(Sigma-Aldrich, USA) and the samples were incubated at room
temperature for 1 min, DNase I digestion was arrested by the addition

Full length double stranded DNA was generated by annealing
of EDTA to a final concentration of 50 mM, Following deproteinization

equimolar amounts of 5’ end labeled single stranded oligonucleotide

A

5O o 0o op® g8t Al B 2
T + o+

2poNa oY ob® o b® (9P 4D o B 0
Mxrip - + + 4 o+ o+ +

B

Compatitar DNA 940 830 840 790 748 590 640 590 340 490 449 a0 Mg 287 227 173
wamosrowors - S5 5 S5 5583 58 SGRSERE EBUERI2AE SRGEREERY IRIEREENVEEE

32p_287
+
Mxrip

2p. 247

Fig. 2. Analysis of Mxr1p binding t© Pagx DNA by EMSA. (A) Interaction of Mxr1p with 32p-labeled Paoy oligonucleotides. Mxr1p forms a complex with six of the sixteen
oligonucleotides. EMSA was carried out with radiolabeled probes {20,000 cpm, ~0.2-0.5 nM), 100 ng of {palydl-dC) and Mxr1p (30 nM). (B) Cempetition EMSA, Binding of Mxrip
(30 nM) to 2p-labeled 287 oligonucleotide (20,000 cpm, ~0.5 nM) is outcompeted by 100-400 foid molar excess of unlabeled duplex oligonucleotides 890, 840, 640, 590, 340 and
287 but not 540, 790, 740, 540, 480, 440, 390, 227, and 173
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and ethanol precipitation, the DNA was dissolved in a buffer contain-
ing 80% formamide, 50 mM Tris-borate, 1 mM EDTA, 0.01% xylene
cyanol and 0.1% bromophencl blue, The DNA is denatured and then
subjected to electrophoresis on 12% polyacrylamide gels containing
8 M urea. Foot prints were visualized by autoradiography and the foot
print regions were identified by comparing their positions on the
A+ G sequence ladder.

2.6, Purification of Helicobacter pylori C cytosine methyltransferase
(HPOO51)

The gene encoding Helicobacter pylori C° cytosine DNA methyl-
transferase, HP0051 (GenBank accession # AADQO7117) was cloned
into pET28a vector and transformed into E. coli BL21(DE3) pLysS cells.
Conditions for overexpression and purification of HPOO51 enzyme
from E. coli extracts were similar to those employed for Mxrlp with
minor medifications. The purified enzyme was stored in aliquots at
—80 °C in 10 mM Tris~HCl, pH 8.0 containing 100 mM Nacl, 11 mM
p-mercaptoethanol and 30% glycerol.

2.7. In vitro methylation of PapxMXREs using HP0051 enzyme

Methylation of P4oxMXREs by HP0051 enzyme was monitored by
the incorporation of tritiated methyl groups into DNA. Briefly,
methylation assays were carried out in a reaction mixture containing
50 mM Tris-HCl, pH 7.5, 5 mM R-mercaptoethanol, 0.05 pM P-
40xMXREs, [methyi-*H]-S-adenosyimethionine (66 Ci/mmol, GE
Healthcare, India) and 0.5 pM purified HP0051 enzyme. After
incubation of enzyme and substrate at 37 °C for 3 h, reactions were
stopped by snap-freezing in liquid nitrogen and aliquots were
transferred onto Whatman DES1 filter paper discs. Filters were washed
three times (15 min each) with 200 mM ammonium bicarbonate
solution equilibrated at 4 °C and once with 95% (v/v) ethanol. Filters
were air dried, and the tritium content was determined in 3 ml of
scintillation fluid {0.5% 2, 5-diphenyloxazole and 0,05% 1, 4-bis [2-(5-
phenyl-oxazoyl)]benzene in 1:1 (v/v) 2-methoxy ethanol and toluene)
in a liquid scintillation counter (Beckman Coulter, Fullerton, CA).

For use in EMSA, 2P-labeled double stranded DNA was
methylated by HP0051 enzyme exactly as described above except

A 287a+aA 57 ACCCGUTITITTECATEATTA 3

3 TEAGCAAARANCCTACTAATACGTAACAGAGETGTAACATACEGAAGEGTTCTAAGACCATC B!
Z287c+B #5' TECATTETOTCCACATTGTA 30

3 ' TEEGCAAAAAMCCTACTAATACGTAACAGAGUTETAACATACCARGGT TCTAAGRCCALIC 5
287+ 5 TGOTITCCAAGATTCTEGETGG 37

3" TEGECARAAMAACCTIACTAATACGEAACAGAGETGTAACATACEAAGHT ICTARGACCACIC B 1
Z87c+D 51 rSEATGATITATGCATTETOT 3¢

3' TEGGECAARAAACCTACTAATACGTAACAGAGETGTAACATACGAAGETTCTAAGRTCACE ¢
ZRlcrB 5' CQCACATTGTATGCTTOORAS 39

3 PEGGCABAAAAACCTACTAATACGTAACHC AACATACCAAGETTOTARGACCACS 5

Mxrlp

X X 43 k3 $3

32 <& (] 4] o o
~DNA| A AY A AV o
F-D P P PR P

Merlp + + + 4+ 4+

Foat prinkt (287c+B}

287 §' ACCCCCTTIITCEATCATIATCCATTOTCTCCACATTGTATGCTRCCAAGATICTERTGE 3

287 5' Frm—— 3!
2870 31 &)

| |

__2-87 5 3
2870 3 messsssanity 5

| R |

- -+t

Faot print
1 CATTCECTCCRCATTGT 3°
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Fig. 3. Identification of P40,MXRE in the 287 sligonucleotide by EMSA and DNase [ foot printing. (A} Nucleotide sequence of partially double stranded oligonucleotides generated for
use in EMSA, (B) Binding of Mxr1p to partially double stranded, radiolabeled oligonucleotides (20,000 cpm, ~G.15-0.20 nM) and Mxrlp {30 oM as evaluated by EMSA. (C) DNase {
foot print generated by Mxr1p in the sense {287} and antisense (287¢) strands of 287 double stranded DNA (60 bp) is shown, Reactions were carried out in duplicate, in the absence
{—,—) or presence (4,4 of 50 1M Mxrip as described in Matetfals and methods. The double stranded DNA catying radiclabel at the5’ end of one of the DNA strands (asterisk) is
shown schematically. The core sequence 5/ CTCC 3! {in 287) and its complement, 5’ GGAG 3 (in 287c) within the foot print are underlined (see text for details).
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that [methyl->H]-S-adenosylmethionine fwas replaced by 10 pM
unlabeled S-adenosylmethionine. Following methylation, DNA was
deproteinized, ethanol precipitated, redissolved in water and used in
EMSA.

3. Results and discussion
3.1. Mxr1p binds at six different regions in Paoxi

Mxi1p is a large protein of 1155 amino acids with an N-terminal
zinc finger DNA hinding dormain located between amine acids 38 and
95 [5]. Our attempts to overexpress a recombinant Mxrlp protein
containing only the zinc finger domain {amino acids 38-95) were not
successful. However, Mxrilp containing 150 N-terminal amino acids
could be expressed at high levels in E. coli cells and purified as a
histidine-tagged protein {Figs. 1A-D). The recombinant protein was
identified as Mxrip by amino acid sequence analysis of one of the
tryptic peptides (data not shown}. This recombinant protein, referred

to as Mxr1p in the rest of this study, contains a region homologous to
the proximal accessory region (PAR) of Adr1p (Fig. 1E), in addition to
the zinc finger domain [11-13].

To identify Mxr1p binding sites in Pagy, sixteen different double
stranded oligonucleotides spanning the Pagxs region between —940
and —1 were synthesized (Table 1) and their ability to bind to Mxr1p
was examined by EMSA. Of the sixteen oligonucleotides, only six (890,
840, 640, 590, 340 and 287) generated a complex with Mxrip
(Fig. 2A). In competition experiments, only the duplex oligenucleo-
tides 890, 840, 640, 590, 340 and 287 which bind to Mxr1p (Fig. 2A)
efficiently outcompete Mxr1p binding to 3?P-labeled 287, when used
as unlabeled competitors {Fig. 2B) indicating that Mxr1p binding to
these DNA sequences is very specific.

3.2, ldentification of minimal Mxr1p binding sites itt Panx

To identify the minimal Mxrlp binding sites within the six
Paoxz oligonucleotides, partially double stranded oligonucleotides

A - 2% 4o - %ﬂ:\b"" . 'zf?a“g‘
SR R R
Mxrlp binding Eu 1
‘sites in Proxr 1 2 3 4 5 6
B Deletion Relative B, ,.. daleted region Marlp
mutant® activity? in P8 binding site
dHSF1 60% A~-B05 o ~798 2
4z 33% A~643 to -B87 3
andrl 30% A-B76 to -570 4
ds 40% A-322 to -264 5,6
dMatl~-MC 42% A-264 to ~260 [
a6 45% A-283 to -224 6
uartner et al. . (8} bapig study.
e} «940 AGRTCTAACATCCAAAGACGAARGGTTCAATGAAACCTTTTTGUCATCCGACATCCACAG

POTASATTGTAGRT T TCTECTY TCCAMC T TACT T TGECARMAACTCTAGGCTETAGETGTC

Avx WXREL (~B50 ta -831)
~880 GTCCATTCTCACACATAAGTGCCARACGCARACAGEAGHAGATACACTRAGCAGCAGACCGT TECABAUGOAGBACCTICCAC

~800

=720

~640

=560

w480

~400

-320

~240

-180

CRGGTARGAGIGTGEATTCACGRT TTGCRT TETCCICCCCIATETEATCETCETCTGECAATGT TIGCETCCTEEACETS
Faox MAREZ (-B00_to =781) dHSFi

I CCTET TR C O C ARG ACCCACTT FTGCCATCEAARARCCACCCCASTIAT I GEGCTICATTCRAGCTCAC PCATTOCAR
%%AGA&GAGGAGTTGTGGGTGA&MCGGTAGCTT TTTGETCEGETCAATARCCCEARCTARCEYCEAGCEAGTAAGETT

PPCOTTCTATTAGECTACTAACACCATGACTTTAT TAGCCTETAQTATCC TEAGCCCCCTGECERGGTTCATGT TTGTTTA

AAGGARGATARTCCEATGATTETCCTACTEAMTAATCHCACAGATAGGACCGEGEEEEGACCECTCCAAGTACAAACARAT
Pagx MARES (630 ko ~611) Faoi MXRE4 {~582 o -563)

'.e'J.‘Tccm'rcmcmscgcgc;ca_'r*mcaaccsmcmca.cs:ccaGArGAGGGCTTTchAGwG'rGGGGT&AAMMTM

a2 ¢Adrl
CATGTTCCCCARBTEECCCAAMACTEACAGTTTAAACGCTETC TTGGAMCCTAATATGACAAARGCGTEGATCTCATCCAR
GTACAAGCEETTTACCGECT T TGACTSTCARAT TTGCEACAGAACCTTGGATTATACTGT TTTCECACTAGAGTAGETT

GATEAACTAAGTITGGTICETTEAAATECTARCAGCCAGTTGETCARAAAGAAACT TCCABAAGTCECCATACCGTTTGT
CTACTTGATTCAAACCAAGCAACT I TACGATIGCCHETCAACCAGT T T TTCTTTGAAGGT TTTCAGCGHTATEECAARCA

CrTGTTTEETATTGAT TGACGAAT GCTCARAAATAATCTCATTARTCCTTACCECAGTCTCTCTATCGCTTCTGAACCCC

GAACAAACCATAACTAACTGCTTACGAGTTTITAT TAGAGTAATTACGHAATCEGCETCAGAGAGATAGCEAAGRCTTEGEG

Fapx MXREE (~302 to ~283) Faox MXBES (~267 to -248) A

GUTGCACCTETGCCEARACGCAARTEGEGEBABACACCCGC T’I‘T'I‘TGGATGATTA"I.‘GCAT’EGTEEEACAT PETATGCTTCE

CCACGTGEACACHGECTT TG G’I"1'.‘TZ‘}SSE"C:.T:“TTGTGGGCGAMAACE?_ACTAATACGEMCAG&GGTG E%Eﬁ'l‘ﬁci%gg
ds

N
AMGATITOTGETGEGAATACTECTGATAGCCTAACH I ICATGATCAARA TTTAACTGT TETAACCCC‘I‘ACT TEACRGCART
P E‘CTAAGACCBCCE_C;T T%TGACGAC TATCGGATTGCAAGTACTAGT M ARMT TGACARGATTCEEEATEARCTGTCETTA
dg
ATATAARCRGAAGGAAGCTECCCTEGTCTIARACCTTTETTTTTATCE ~114

TATATTTETCTTCCTTCOACGEGACAGART T GGARARDARARATACT

Fig. 4. Correlation between Mxr1p binding sites identified in this study and DNA sequences essential for Pagx function in vivo. (A) Schematic representation of the AOXT promoter and
location of the six Mxr1p binding sites identified in this study. {B) Effect of deletion of different regions of AOX promoter on methanol-inducible Paqy activity in vivo as reported by
Hartner et al. [8]. The six Mxr1p binding sites (PagMXREs) identified in this study (last column) are present within these deleted regions. (C) Nucleotice sequence of AOXI promoter
and location of the PaoxMXREs in AOXI promoter, The conserved 5’ CYCC/GGRG 3’ motifs in the MXREs are underlined. The promoter deletions which affect Paox function in vivo as

reported by Hartner et al. [6] are shown by broken lines and arrows.
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were generated by annealing the antisense sirands with short,
sense strand oligonucleotides. For example, partially double
stranded regions were generated in the Pagxs region between
—287 and —228 by annealing the 60 bp long antisense strand
{287c) with five different sense strand oligonucleotides, each of
which is of 20 bp in length (Fig. 3A). The five different partially
double stranded oligonucleotides thus generated (287c¢-+A-287¢+
E) were radiolabeled and used in EMSA. Interestingly, only one
of them {287c--B) generated a prominent compiex with Mxrip
(Fig. 3B) indicating the presence of an Mxrlp binding site within
this 20 bp region, A faint Mxr1p-DNA complex was obtained with
287c+D and this may be due to the presence of a 10 bp region
that is common between 287¢+D and 287c+B, The Mxr1p binding
site within double stranded 287+287c oligonucleotide was also
identified by DNase I foot printing. A foot print was generated by
Mxrlp in the 287c¢+B region in the sense as well as antisense
strands (Fig. 2C). Thus, using a combination of EMSA and DNase 1
foot printing, Mxrip hinding sites were identified in all the
remaining five oligonucleotides (Fig. 4A, Supplementary Figs.
$1-55).

3.3. Deletion of Mxr{ p' binding sites in Paoxr reduces promoter activity
in vivo

To examine whether the Mxrlp binding sites identified in Pagxr
have a role in Pagx function in vive, we compared their location
with that of cis-acting elements and putative transcription factor
binding sites identified recently by Hartper et al. [6]. Such a
comparison revealed a significant overlap between the Mxrlp
binding sites identified in this study and putative binding sites for
transcription factors such as HSF1, Mat1-MC and Adrlp reported by
Hartner et al. [6]. Further, a number of promoter deletions which
result in a significant decrease in Pagy activity in vivo involved
deletions within Mxrlp binding sites (Fig. 4B). For example, the
d2 deletion between —643 and —597, whose deletion results in a
67% decrease in Paoxy activity, inciudes Mxrip binding site 3 (Fig.
4B, Similarly, d5, dMat1-MC and d6 deletions include deletions
within Mxrip binding sites 5 and 6 while dHSF1 and dAdrl
deletions involve deletions within Mxr1p binding sites 2 and 4
respectively (Fig. 4B). In view of the strong correlation between
deletions within Mxrlp binding sites and decrease in Pagq func-
tion, we have named the siX Paoxs Mxrlp binding sites identified
in this study as Pagx Mxrlp response elements (PapxMXREs)
(Figs. 4B, C}.

N D d B
SEeEe
oreredelefed

oy MXRES-H1

3.4. Identification of a conserved motif in PaoxMXREs

To further characterize the PaoxMXREs, six different oligonucleo-
tides of 20 bp length referred to as PagxMXRE1-PaoxMXRES were
synthesized (Fig, 4C), The 20 hp region was chosen based on the
results of EMSA with partially double stranded oligonucleotides
wherein the 287¢+B partially double stranded DNA, which contains
a 20 bp double stranded region was found to bind Mxrip very
efficiently (Fig. 3B). When used in EMSA, all of the six PaoxMXREs
generated a complex with Mxr1p (Fig. 5A). Analysis of the nucleotide
sequence of the PagxMXREs revealed that the sequence 5’ CYCC 3/
(5’ GGRG 3' in the complementary strand) is conserved in all the six
Paox1.MXREs (Fig, 4C). A single peint mutation within this conserved
motif {5’ CYCC 3’ to 5’ CYCA 3') abrogated Mxr1p binding, indicating
a critical role for this sequence in Mxr1p-DNA interactions (Fig. 5B).
The importance of this conserved motif in Mxr1p binding was further
confirmed by DNA methylation studies employing a recombinant
Helicobacter pylori C° cytosine methyltransferase (HPOO51), which
specifically recognizes the 5 GGRG 3’ sequence in the double
stranded DNA and methylates the terminal cytosine residue on the
opposite strand within this motif (Supplementary Fig. 56, RK. and
D.N.R. unpublished data). Methylation of a specific cytosine residue
within the care 5 CYCC 37 motif of PagxMXREs by HPOO51 enzyme
was confirmed by an in vitro methylation reaction using *H}-
S-adenosylmethionine as methyl group donor. Except PagxMXRES, all
other PaoxMXREs were methylated with approximately the same
efficiency by HPOO51 enzyme (Supplementary Fig. S6). However,
PaoxMXRE4-M1, PaoxMXRES-M1, which carry C to A point mutation
within the 5/ CYCC 3/ motif, were not methylated by HPO0O51 enzyme
confirming the specificity of methylation reaction (Supplementary
Fig. $6). In EMSA, Mxrlp binding to methylated PaoxMXREs was
significanily reduced (Fig. 6A) confirming a critical role for the
cytosine residue within the 5* CYCC 3’ motif in Mxr1p binding. Since
methylcytosine as well as thymine carry the bulky methyl group at
position 5 of the pyrimidine ring, we synthesized PaoxMXRE4-M2
and PaoxMXRES-M2 oligonuclectides which carry C to T point
mutation within the 5/ CYCC 3 motif and both these mutants do
not bind to Mxrip (Fig. 6B). These results are sumimarized in Fig. 6C.
Based on the aliznment of the P4pxMXREs, we have derived a core
consensus sequence for Mxrip binding (Fig. 6D). Further, we
calculated the apparent dissociation constant (Kq) for Mxr1p binding
to three of the six PaoxMXREs and the K4 values were found to be in
the range of 50-150 nM {Fig. 7). In comparison, the Ky values
reported for Adrlp-ADH2UAS! interactions are in the range of

L
o o) o &
S

ool offest

Mxrlp
8 TGAGTGTHGEGTCAMATAGT 3/ +
P MXRE4-M1 RS0 32
AOX 3 ACTCACAZCCCAGTTTATCE 5¢ P-DNA
' TGOEMTGICTCAACATTGIA 37
3¢ BCGTARCAGRGLTGIAACAT 5’ p. DA

Fig. 5. Mxr1p binding to PoMXRES as analyzed by EMSA. (A) Mxr1p (30 nM) binds to radiclabele P4oxMXREs (30,000 cpm, ~0.15-0.26 nM) in presence of 100 ng of poly (dI-dC).
{B) Radiolabeled PagyMXREs (30,000 cpm, ~0,15-0.20 nM) carrying point mutations within the conserved 5 CYCC 3' motif (P,,QXMXR}iéle, PacxMXREG-M1) do not bind to Mxr1p
{60 nM). The mutated nuclestides are indicated in lower case. The conserved core motif is underlined.
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Phoy MEREB* 8
PyoxMRREG 57

TCCTCTTICTCCTCAACACCE 37
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ACTATTTGACCCCACACTCA 3/
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TECATTGTCTCCACATICTA 3
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Fig. 6. Effect of methylation or mutation of a cytosine residue in the core motif of
PaoxMXREs on Mxrlp hinding. (A) EMSA was carried out with radiolabeled,
unmethylated as well as methylated (asterisk) PoxMXREs (30,000 cpm, ~015-
025 oM) and Mxrip (30 nM) as described in Materials and methods. (B) Effect of
mutation of cytosine to thymine within the conserved 5’ CYCC 3" motif of PaoxMXREs
on Mxrip binding as evaluated by EMSA. The mutated nucleotides are indicated in
lower case. The conserved core motif is underlined. Asterisk indicates complex
formation by Mxrlp molecules which are not full length. These may arise due to
incomplete translation or proteolytic degradation during isolation, purtification and
storage. (C) Summary of the mutagenesis and methylation studies. M is 5-methyl
cytosine, (D) Alignment of the nucleotide sequences of PaenMXREs and derivation of a
core consensus sequence for Mxrlp binding.

2-9 nM (7), suggesting that Mxr1p binds DNA with an affinity lower
than that of Adrip.

3.5. Analysis of Mxr1p binding to S. cerevisiae aleoho! dehydrogenase
promoter upstream activation sequence 1 (ADHZUAST)

Mxrlp is considered to be a homologue of Adrip [5,6] and
therefore it was of interest to examine whether Mxrlp binds to

Adr1p binding sites. An oligonucleotide containing the S. cerevisiae
ADH2-UAS1T which harbours an Adr1p binding site was synthesized
(Fig. 8A) and its ability to outcompete Mxr1p binding to radiolabeled
PaoxMXREG was evaluated by EMSA. The results presented in Fig. 8B
indicate that ADH2UAST failed to outcompete Mxrlp binding to
32p.|abeled PaoxMXREB. Increasing the length of ADH2UAST to 38 bp
suich that the 5 CTCC ¥ core motif is flanked by 9 bp, did not restore
Mxrlp binding to ADH2UAST (Fig. 8C). Alignment of the nucleotide
sequences of Adrlp and Mxrlp binding sites indicated a key
nucleotide difference between these two binding sites (Fig. 9A).
We hypothesized that mutation of an adenine residue in the Adrlp
monomer binding site of ADHZUAS! to cytosine should restore
Mxrip binding to ADH2UAST (Fig, 9A). The results presented in
Fig. 9B indicate that mutation of adenine to cytosine does restore
Msxrlp binding to ADH2UAS1. Thus, despite extensive homology in
the DNA binding doimains and DNA recognition sequences of Mxr1p
and Adrlp, the target gene specificity of these twe zinc finger
proteins is different. '

In the case of Adrip, the amino acid residues Arg115, His118 and
Arg121 present In —1, +3, and +6 positions of the first zing finger
are known to contact the bases 3' GA/GG 5, of the core recognition
motif (11). In the second zinc finger, only Argl43 present in the —1
position makes contact with the 5 G residue of the core motif (11).
Comparison of the zinc finger motif of Adrlp with that of Mxrlp
indicates that all the amino acid residues mentioned above are also
conserved in the Mxrlp zinc fingers (Supplementary Fig. S7A).
Therefore, it is not surprising that both Adrip and Mxrlp recognize
the same core nucleotide quartet (5’ GGRG 3'). In addition to the
two zinc fingers, a 20-amino acid domain referred to as the
proximal accessory region (PAR) present N-terminal fo the first zinc
finger is also essential for high affinity DNA binding of Adrip (12,
13). The Adr1p PAR exhibits 32% identity with a homologous region
in Mxrlp and a number of amino acid residues within the PAR that
are critical for DNA binding are conserved between these two
proteins (Supplementary Fig. $7B). Furthes, in Adrlp PAR, Pro97
executes a turn so that Arg95, Gly94, Lys100 and Lew101 can contact
the DNA {13). All these residues are also conserved in Mxrlp except
Argd5 which is replaced by Thr3t in Mxrlp (Supplementary
Fig. 57B), Since Mxrlp does net bind to ADH2UAS1, it will be
interesting to examine whether T31R mutation in the putative PAR
domain of Mxr1p will restore its binding to ADH2UAS], Since Mxrip
hinds to DNA with an affinity lower than that of Adrip (Fig. 7). it is
possible that amino acid differences in the PAR domains of Mxr1p
and Adrlp as reperted in this study, are responsible not only for
altered DNA binding specificity but also weak affinity of Mxrip for
MXREs. Thus, it will be interesting to examine whether mutations in
the putative PAR of Mxrlp affect the DNA binding specificity or DNA
binding affinity or both.

Thus far, two putative Mxrlp binding siies have been reported
in Paoxr. Based on EMSA carried out with P. pastoris cell extracts
overexpressing Mxr1p and a 243 bp DNA prabe, an Mxr1p binding site
was identified between —415 to —172 bp [5]. We now demonstrate
that this region actually harbours twa MXRES, PaoxMXREs 5 and 6
(Fig. 4C). In another study, based on in silico analysis of Pagx; for
potential transcription factor binding sites, a putative Adr1p binding
site was identified hetween —577 and —571 bp [6]. We now
demonstrate that this region harbours PaoxMXRE4. In addition, we
have identified three more MXREs within Paoxs {Fig. 4). The AQXT
promoter deletion studies of Hartner-et al. indicate that deletions
encompassing five of the six PagxMXREs result in a significant
decrease in Pagyy function in vivo [6]. Based on the results presented
in this study, it is now possible to carry out specific site-directed
mutagenesis studies so that the effect of loss of Mxrip binding to
each of the six PaoxMXREs on AOXI promoter function can be
studied. Tt is likely that synergistic interactions amongst Mxrlp
molecules binding to multiple PagxMXREs play a key role in the
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quantity of Mxr1p (nM} used. The data is the average of two independent saturation binding experiments and the error bars represent standard deviation of the mean. The numbers
in parenthieses represent K, values calculated by non-linear regression using GraphPad Prism (for details, see Materials and methods).

high level of methanol-inducible expression of Pagxs Although
Mxrlp appears to be the major regulator of Pagxr, the fact that
mutations and deletions in Pagx outside the P,oxMXREs also affect
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Fig. 8. Analysis of Mxr1p binding to $. cerevisice ADH2UAST by EMSA. (A) Nucleotide
sequence of PuoMXREG and ADH2UAST. The core CYCC motifs are underlined. (B)
Competition EMSA was carried out with 0.5 nM radiolabeled probe and 30 nM Mxrlp.
Unlabeled PagMXREG but not ADH2UAS! competes out binding of Mxrip to
P Jabeled PyoyMXREG. (C) Effect of increasing the length of ADH2UAST en Mxrip
binding as analyzed by competition EMSA.

Paox1 activity [6] indicate that cis-acting elements and transcripticn
factors other than PaoxMXREs and Mxr1p may also play a key role
in the regulation of AOX! expression.
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PICHIA, OPTIMIZATION OF PROTEIN

EXPRESSION
KOTI SREEKRISHNA
Procter & Gamble Co.,
Cincinnati, Ohio
INTRODUCTION

A wide variety of expression systems for production of pro-
teins of interest have become available with the advent of
recombinant DNA technology since the 1970s. The various
expression systems include those based on bacteria, lower
eukaryotes (yeasts and fungi), invertebrates (insect cells
and larvae), vertebrates (cells and transgenic animals),
and plants (cells and transgenic plants). Each of these
systems has unique advantages. Yeasts and fungi have
robust growth characteristics like bacteria. They are also
readily amenable to genetic manipulation. Furthermore,
they can perform many posttranslational modifications
found in higher eukaryotes. The purpose of this article is
to highlight the strategies that have been used for opti-
mal protein expression with the Pichia yeast expression
system, which in the past few years has turned out to be
versatile and impressive yeast for production of proteins.

BACKGROUND

Pichia pastoris is a methylotrophic yeast. It is able to
use methanol as sole carbon source for energy as well
as for growth (1,2). It was originally developed by Phillips
Petroleum Company (Bartlesville, Oklahoma) as an organ-
ism of choice for bioconversion of natural gas (methane)
into food (single cell- protein). This may sound ironic,
because nowadays every one is talking bioconversion of
food crops to fuels (biofuels). Phillips Petroleum Company
in the 1970s developed an efficient Pichia fermentation
process [cell density >130 g dry cell weight per liter and
biomass productivity >10 g/(L h)] (3,4). Though impres-
sive, it could not compete with the economics of production
of soy protein. After this set back, Phillips in the early
1980s directed its future course with Pichia into two areas:

1. Speciality Food or Feed Application: A rather impres-
sive 100,000 L fermentation plant to churn out tons
of Pichia for potential speciality food applications
was completed in 1988. However, by 1993, the idea
to use Pichia for speciality food/feed was abandoned
as Pichia did not have generally regarded as safe
(GRAS) status and Phillips Petroleum Company
decided to focus on its core business of-oil explo-
ration, production, and petrochemicals.

2. Development of Pichia Expression System for Pro-
duction of High Value Recombinant Proteins: Pichia
possesses a highly regulated pathway for the utiliza-
tion of methanol (2,4). Synthesis of the enzymes
of methanol metabolism are undetectable in the
absence of methanol, but increase rapidly when
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methanol is used as the sole carbon source. The
most dramatic effect is seen for alcohol oxidase
(AOX1), which accounts for >30% of cellular protein
(5). An extensive proliferation of the peroxisomes,
known to sequester AOX1 and dihydroxy acetone
synthase, is also observed in cells grown on methanol
(5-17). Perhaps the decision of Phillips to exploit the
above noted unique features of Pichia to develop
a protein expression system was highly fortuitous,
because the molecular genetic tools that had just
become available for Saccharomyces cerevisiae, such
as yeast—E.coli shuttle vectors, transformation pro-
tocols, and site-specific integrative transformation
(8,9) were found to be readily applicable to Pichia.
With the advent of cloning of AOX1 promoter (10,11),
availability of auxotrophic Pichia strain [GS115
(his4) developed by George Sperl] and Pichia trans-
formation protocols (12,13), successful high level
expression of several proteins was readily demon-
strated. They include, intracellular expression of
Hepatitis B surface antigen particles (14), E. coli
B-galactosidase (LACZ) (15), human tumor necro-
sis factor (TNF) (16), as well as greater than gram
per liter level of secretion of S. cervesiae invertase
(SUC2) (17), and human serum albumin (HSA) (18).
Pichia expression technology patent was granted to
Phillips Petroleum Company in 1988 (11) and thus,
by the late 1980s, Pichia expression system was well
on its way to leave the nest.

In the fall of 1988, Phillips Petroleum Company made a
conscientious decision to license the system to other com-
panies. Fortunately for Phillips licensing team (Katherine
Bartosh, L.V. Benningfield, Mary Jane Hagenson, Jack
Phillips, and Koti Sreekrishna), their very first commer-
cial licensee (Glaxo—Wellcome) with just 2 days of training
at Phillips produced some impressive expression results
(19-23). Phillips was able to license the technology to
20 companies in 4 years. Along side, it also started dis-
tributing the Pichia expression Kkit, free of cost to any
academic institution that approached the company for the
kit. This was getting out of hand, and thus the company
transferred distribution rights, free of cost, to Invitrogen
Corporation (Carlsbad, California) in 1993. Since then,
Invitrogen Corporation (http:/www.invitrogen.com) has
been aggressively distributing Pichia expression kit at
reasonable cost and with some user friendly modifica-
tions. They are largely responsible for wide usage of Pichia
technology. In the same year (1993), Phillips sold Pichia
technology to Research Technology Corporation (Tucson,
Arizona) (http/www.rctech.com). They have licensed the
technology thus far to 160 companies. To date, >500 pro-
teins have been expressed in the Pichia yeast (24) and
over 3000 scientific articles published. There are over 100
publications on fermentation optimization alone.

Hepatitis B vaccine and interferon-o derived from
P. pastoris have been commercialized in India since
1999 and 2002, respectively, by Shantha Biotechnics
(http://www.shanthabiotech.com) (25). Now the company
makes >100 million units of hepatitis vaccine per year
and sells these vaccines in 50 countries. The cost of
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vaccine has dropped to 15 cents a dose (24). Recombinant
human insulin produced in Pichia is also marketed in
India since 2003, by joint venture between Shantha
Biotechnics and Biocon (http://www.biocon.com) (24,25).

HSA expression technology originally demonstrated
at Phillips Petroleum Company (18) and transferred to
Green-Cross Corporation (Osaka, Japan) has been further
developed and scaled up to produce one million dosage
vials (12.5 g per vial) of authentic rHSA/year by Mitsubishi
Pharma Corporation (Osaka, Japan) (26,27). This truly is
atestimony to the high expression level and scale-up possi-
ble with Pichia (25). (Please refer to http://www.rctech.com
for a more complete list of Pichia-produced products under
various stages of commercialization.)

STRATEGIES FOR OPTIMIZATION OF PROTEIN
EXPRESSION

The typical Pichia expression vectors are all yeast—E. coli
shuttle plasmids (see “Glossary of P. pastoris Vectors”).
The most commonly used vectors are based on AOX1I pro-
moter (10,11) (see section titled “Alternative Promoters
for Expression” below for other promoters available for
Pichia expression). Numerous selectable marker genes
available include HIS4 (His* selection) (12), ARG4 (Arg*
selection) (28), ADE1 (Ade® selection) (29), and URA3
and URA5 (Ura' selection) (29,30), which can be used
in conjunction with the appropriate Pichia auxotrophic
strains. Several dominant selection markers that can be
used for transformation of any P. pastoris strain are
also available. These include SUC2 (allows growth on
sucrose) (13), Kan® (G418/Geneticin selection) (23,31),
Zeo® (Zeocin selection) (32), Bsd® (Blasticidin selection)
(http://www.invitrogen.com), FLD1 (Formaldehyde selec-
tion) (33), and Sor® (Soraphen A selection) (34).

A wide assortment of proteins have been produced in
Pichia, which include human insulin (35), glucagon-like
peptide (GLP) (36), G-protein coupled receptors (GPCRs)
(37), Aquaporin (AQP1) (38), as well as correctly assem-
bled human collagen fibers (39) and fibrinogen chains (40).
These are among >500 proteins that have expressed in
this system (24). Obviously, not all proteins are expressed
at multiple grams per liter range. The expression level
is largely influenced by inherent properties of a protein.
Some proteins are readily expressed at high levels with
minimal manipulation, while some proteins barely reach
milligram levels, despite tremendous effort. Encourag-
ingly, in many instances, the initial production yield of a
protein can be dramatically enhanced by addressing the
multiple factors that influence protein expression (41-43).
The purpose of this review is to highlight the various
expression-optimization strategies.

Cellular State of the Expression Cassette

The expression cassette can be introduced into Pichia by
way of chromosomal integration or autonomous replica-
tion. Chromosomal integration is preferable because of
the following advantages: (i) stability of expression cas-
sette; (ii) ability to generate clones that stably maintain
multiple copies of the expression cassette (see section titled
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“Gene Dosage: Exploiting the Clonal Variation of Expres-
sion”); (ii1) control over the site of integration (for example,
AOX1, HIS4,ARG4, URA3 loci); and (d) ability to engineer
different modes of integration (with or without eviction of
the AOXI coding sequences) (see section titled “Methanol
Utilization Phenotype of the Host: Mut* or Mut®”).

Plasmids based on autonomous replication sequence
(ARS) such as pHIL-A1 (see “Glossary of P. pastoris Vec-
tors”) although can be introduced into Pichia cells with a
high transformation frequency, they are rapidly lost from
the population of dividing cells, and eventually integrate
at one or more of the homologous sites on the chromo-
some (12,13). Owing to their ability of transform Pichia at
high frequency (>10° wg~!) and ease of plasmid rescue,
the autonomous plasmids are useful for cloning genes in
Pichia by functional complementation.

Site of Integration of the Expression Cassette

The AOX1 promoter used in Pichia expression vectors is
active irrespective of the site of integration (AOX1, HIS4,
ARG4, ADE1, or URA3 loci). However, AOX1 locus is the
preferred site of integration for stable expression, because
integration at the other loci can result in loss of the expres-
sion cassette due to intrachromosmal cross over between
the mutant and good copy of the gene (unpublished obser-
vations). If the vector also contains a dominant selection
marker (discussed earlier), then selection pressure can be
applied for stable maintenance of expression cassette at
those sites.

Methanol Utilization Phenotype of the Host: Mut* or Mut®

Transformation of a P. pastoris his4 strain (GS115) using
linear DNA expression cassette with the ends bearing
homology to the 5 and 3’ regions of the AOXI chro-
mosomal locus results in the site-specific eviction of the
AOXI] structural gene at a high frequency (5-20% of the
His* transformants) (16,28). Such clones can be readily
distinguished by replica-plating the colonies from the ini-
tial His* selection plate on to a minimal methanol (MM)
medium plate. The clones that have undergone eviction of
AOX1 grow slower (Mut®) compared to Mut* clones with
an intact AOX1 gene, because, in such clones, growth on
methanol is dependent on the alcohol oxidase encoded by
AOX2, which is expressed at much lower level (weaker
promoter) (44). The Mut* clones arise due to circulariza-
tion of the linear DNA expression cassette inside the yeast
cell prior to integration. Thus, both Mut® and Mut* clones
result in the same experiment.

Alternatively, one can use the Pichia strain KM71 (his4
arg4 aox1A:SARG), which has been rendered MutS by
replacing much of the chromosomal AOX1 with S. cere-
visiae ARG4 (28).

For intracellular expression, it is critical to use MutS
cells because they will have a lower level of AOXI and the
expressed protein of interest can be more readily purified.
Furthermore, the precious cellular machinery can be more
fully utilized for the expression of protein of interest.
For protein secretion, the choice of Mut* or MutS is less
stringent and more a matter of preference as the impact is
more on feed protocols than the secretion level. In fact, the

Case No.: IPR2023-00321
U.S. Patent No. 10,689,656

secretion levels of HSA are similar with both Mut* and
Mut® cells (45).

Gene Dosage: Exploiting the Clonal Variation of Expression

Early on a dogma prevailed among the researchers of
the Pichia system, based on limited experience (14,15),
that increasing the gene dosage did not impact expression
because of the remarkable strength of the AOX1 promoter.
This dogma was shattered on the Good Friday of March
28, 1986, with my observation of dramatic clonal vari-
ation (<1% to >30%) in the expression of human TNF,
that was subsequently attributed to gene dosage. Fur-
thermore, the high copy number was stably maintained
even after several days of growth in high cell density fer-
mentor. The observation with TNF expression was readily
exploited for expression of tetanus toxin fragment C (21),
Bordetella pertussus pertactin P69 (20), and mouse epi-
dermal growth factor (EGF) (19), and has been a key
strategy for successful expression of hundreds of proteins
in the Pichia system. However, in numerous cases, a single
copy of the expression cassette is sufficient and deliber-
ately increasing the copy number had no significant effect
on the production (14,15,17,18). In some rare instances,
an increase in copy number has a deleterious effect on
the production level as has been noted with secretion of
human insulin-like growth factor (IGF) (46) and Necator
americanus (hookworm) secretory protein (Na-ASP1) (47).

Because the effect of gene copy number on expression
is unpredictable, it is prudent to examine the production
level as a function of gene dosage. The spheroplast method
of transformation of Pichia results in transformants with
a wide range of copy numbers (16,48). Evaluation of as
few as 100 individual clones for protein production is
generally adequate to arrive at a good producer. Though
bit laborious, spheroplast method of transformation yields
clones with wide range of gene dosage at a high fre-
quency (48). If other methods of transformation such as
using LiCl or electroporation, which do not yield high
frequency of multicopy clones, then one can use more effi-
cient screens. These include use of colony hybridization
with DNA probes or using appropriate vectors that would
allow selection based on increased level of resistance to
one of G418/geneticin (23,31), zeocin (32), formaldehyde
(33), blasticidin (http:/www.invitrogen.com), or soraphen
A (34). Increased drug resistance does not automatically
ensure multicopy integration and several dozen resistant
colonies must be analyzed for copy number and expression.

Another approach to identify high producers may be
to use a visual tag to the protein being expressed. In one
instance, C-terminal green fluorescent protein fusion was
used as a visual reporter to identify human Mu-opioid
receptor expressing clones (49). Rhizopus oryzae lipase
(ROL) bearing an N-terminal GFP tag was more efficiently
secreted in Pichia compared to one with a C-terminal
GFP tag (50). Recently, a fusion protein ZZ-EGFP con-
sisting of ZZ domain of staphylococcal protein A (SpA)
with enhanced green fluorescent protein (EGFP) was also
secreted in the Pichia, with a hexahistidine tag (51). GFP
tag may serve as a visual reporter to readily identify high
producing clones. It can also be useful for on-line monitor-
ing of protein production in the fermentor (52) However,
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on-line monitoring can be complicated by high levels of
riboflavin (excitation/emission = 450/530 nm) secreted by
Pichia (50), which in itself has been used for monitoring
biomass production (53). By using a fluorescent protein
tag outside the interfering range, one may be able to reli-
ably monitor simultaneously both cell and product yield
on-line.

Vectors such as pAO815 (54,55) have also been
described that would allow in vitro construction of
expression cassette concatamers. This approach is useful
to accurately correlate copy number to expression level
over a narrow range of gene dosage.

Translational Optimization: 5" Untranslated Region

The nucleotide sequence and the length of the 5’ untrans-
lated region (5'UTR) are detrimental to optimal protein
translation. The leader length of the highly expressed
AOX1 mRNA is 114 nucleotides long, and the sequence
is A + U rich (10,11). For optimal synthesis of heterolo-
gous proteins, it is essential that the 5'UTR should closely
resemble that of the AOXI mRNA. Ideally, it is preferable
to make it identical to that of AOX1 mRNA. The expres-
sion level of HSA is increased >50 fold by optimizing the
5UTR to mimic that of AOXI mRNA (18). Expression
plasmids such as pHIL-D7 (42) can be used to make an
exact construct. This plasmid has unique Asu II and Eco
RI sites immediately following 5’A0X1. The second Asu
II site that was originally present in 3’A0XI has been
eliminated. Therefore, the sequence TTCGAAACG can be
added immediately upstream of the ATG start codon of
the gene of interest, and an Eco R I site can be engineered
downstream of the stop codon for insertion at Asu II-Eco
RI sites of pHIL-D7 (42).

Transcriptional Optimization

Genes with high A + T nucleotide clusters are poorly
transcribed in Pichia due to premature termination of the
transcription. For example, ATTATTTTATAAA, present
in HIV-gp120 has been identified to block transcription
in P. pastoris, and the premature termination is over-
come by altering the sequence to TTTCTTCTACAAG (22).
Because we are not aware of all the problematic A + T rich
clusters, a general strategy with A + T rich genes is to
redesign them using P. pastoris preferred codons (48,54),
http://www.kazusa.or jp/codon/) so as to have an A + T
content in the range of 30-55%. By using this approach, it
has been possible to construct Pichia strains for efficient
production of several proteins, which include tetanus toxin
fragment C (20), Bacillus sphaericus BSP1 and BSP2 het-
erodimeric mosquitocidal toxin (55), anticoagulant protein
ghilanten (56), spider silk proteins (57), human endostatin
(58), and human lactoferrin (59).

Product Secretion

For a protein which is normally secreted, that is the pre-
ferred mode of expression, for multiple reasons. It is easier
to recover product from extracellular medium as there will
be relatively fewer proteins. Also, many proteins that are
normally secreted remain predominantly insoluble when
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expressed in the intracellular compartment, as has been
seen with HSA and salmon growth hormone (unpublished
observations). Likewise, a protein that is not normally
secreted may be difficult to secrete. However, in some
cases, such as human TNF, it is possible to express at high
levels in the intracellular compartment (16). Interestingly,
the intracellular human tetrameric catalase has success-
fully been expressed as a secreted protein in Pichia (60).

A wide variety of heterologous proteins have been
secreted in Pichia. In several instances, HSA (18), inver-
tase (17), bovine lysozyme (61), barley alpha amylases
(62), cathepsin E (63), and thaumatin (64) the native
signal sequence is adequate. In the case of matrix met-
alloproteinases, although native signal sequences work
(41), both secretion and product yield are improved while
using the S. cerevisiae pre-proalpha mating factor («MF)
secretion signal sequence (65,66). Likewise, with Candida
rugosa lipase 1, although native signal works, both prod-
uct stability and yield are tremendously improved with the
use of pre-proa MF signal sequence (67). For thaumatin
secretion, native signal works, but not the pre-proeMF
signal sequence (64), whereas for human interferon-alpha
2b (IFN-a2b), native signal sequence does not work, but
pre-proa MF works (68).

Pre-proaMF secretion signal sequence has worked
well for secretion of large variety of proteins, including
the smaller-sized products such as aprotinin (69), EGF
(19,69), IGF-1 (70), and ghilanten (56). The processing of
pre-proa MF secretion signal involves three steps. The first
is the elimination of the pre-region by signal peptidase,
second, KEX2, and YPS proteinases cleave out the prore-
gion (71,72), and finally, N-terminal Glu—Ala repeats
are removed by the action of dipeptidyl-aminopeptidase
(Dpap). The efficiency of each processing step depends on
amino acid sequence adjacent to the processing site as
well as the tertiary structure of the secreted protein. All
these factors contribute to incomplete processing and/or
reduced yield of mature protein (73-75).

In making «MF signal sequence constructs, it is
generally preferable to retain the Glu-Ala spacers
adjacent to the Kex2-like protease cleavage site ( ...
Val-Ser-Ser-Leu-Glu-Lys-Arg-Kex2P Glu-Ala-PP2P-Glu-Ala-
Dpap_fused protein). The presence of Glu-Ala spacers
help to alleviate the steric interference imposed by
the fused protein, resulting in an efficient cleavage of
the prosequence by the Pichia Kex2 like protease (69).
The Glu-Ala spacer is subsequently cleaved by diamino
peptidase (Dpap coded by STE13) to yield the protein
of interest free of additional N-terminal amino acid
residues. Interestingly, it has recently been reported that
the pre-proaMF without the Glu-Ala repeats directed the
secretion of correctly processed human IFN-a2b at 200
mg/L level, whereas the pre-proeMF having the Glu—-Ala
spacer, although secreted an equivalent amount of
IFN-a2b, the secretion signal was inefficiently processed
(68). Thus, ideally all variations must be explored to
arrive at the best fit for a given protein.

Other secretion signal sequences used in Pichia include
those of acid phosphatase (Pholp), hybrid of Pholp secre-
tion signal with «MF and Kex2p cleavage site, invertase,
lysozyme, HSA, Phaseolus vulgaris agglutinin, inulinase,
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and alpha amylase, glucoamylase, and S. cerevisiae killer
toxin I (42,59,76).

Choice of the Secretion Signal

Only in a limited number of cases has a thorough com-
parison been made on the relative efficacies of different
signal sequences and variations thereof (for example,
(59,64,68,69)). In the case of invertase secretion, both the
extent of glycosylation and secretion rate are enhanced
when the native signal sequence is substituted with the
pre-proaMF signal sequence (69), although both yields are
greater than gram per liter level of the product. However,
in the case of proteins that are more susceptible to pro-
teolysis, improvement in secretion rate can increase pro-
duction level as has been noticed with MMP-1 (41,65,66).
Based on the relatively high success of pre-proaMF signal
sequence, it makes sense to test that signal (and variations
there of) first, side by side with the native secretion signal
sequence, before exploring other signal sequences.

Production Enhancement by Manipulation of Media and
Growth Conditions

More often than not, a secreted protein is rapidly degraded
in the Pichia medium due to extracellular proteases,
cell-bound proteases, as well as by intracellular pro-
teases released to medium due to cell death and cell lysis.
Multiple stress factors (especially in high cell density fer-
mentor), which include starvation, pH shift, temperature
change, change of carbon source, buildup of toxins, and
reactive oxygen species (ROS) are considered to cause cell
death and cell lysis (77).

One of the approaches to increase the stability and
yield of the secreted protein in the culture medium is
by manipulating the pH of the medium to arrive at the
optimal pH for blocking a problem protease. Suggested
pH range for experimentation is between 2.8 and 8 (see
section titled “Media Compositions”). This pH range does
not affect the growth significantly. HSA yield was sig-
nificantly improved by raising the pH from 5.2 to 6,
with adequate aeration. The yield was further enhanced
by the addition of yeast extract (1%) and peptone (2%)
(45,48,78,79). Production of mouse EGF was favored at pH
6 in the presence of casamino acids (19). Casamino acids is
preferable to yeast extract + peptone, because the peptide
components of peptone (such as collagen fragments) can
interfere in product analysis and recovery (41). For both
IGF-I (70) and cytokine growth-blocking peptide (80), pH
3 was found to be optimal. Greater than twofold increase
in production of cellulose-binding module cellulose 6A and
lipase B (CBM-CALB) is noted by reducing the pH from 5
to 4 in a bioreactor run (81).

Hirudin variant 2 (rHV2) secreted in Pichia was found
to be degraded to four active fractions, including the intact
rHV2 (Hir 65) and three C-terminally truncated forms
Hir 64, Hir 63, and Hir 62 (82). Degradation of hirudin
was reduced by using growth-rate-limiting quantities of
methanol (3.09 g/L. methanol; specific growth rate main-
tained at 0.02-0.047 h~!) (82). Degradation of hirudin
was also reduced by increasing NH4* to relieve the stress
of nitrogen starvation (83). Ascorbic acid (4 mmol/L) was
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used to quell ROS and improve cell viability. Under these
conditions intact and total hirudin production reached 2.90
and 5.03 g/L, respectively, in contrast to 1.75 and 4.70 g/L
in the absence of ascorbic acid (84).

Lower cultivation temperature is shown to improve
product yield in several instances, which include
CBM-CABL (22°C) (81), laccase (20°C) (85), galactose
oxidase (25°C) (86), Rh midkine (20°C) (87), human AFP
(23°C) (88), herring proteins (23°C) (89), and human
bile salt activated lipase (BSSL, 20°C) (90). Pichia
cultivated at temperatures as low as 15°C, greatly
enhanced the yield of ScFV production due to reduced
protease level (91). Secretion level of bivalent T cell
immunotoxin A-dmDT390-bisFy(G4S) was also enhanced
at 15°C, which was attributed to reduced protease levels,
improved folding, as well as reduced toxicity of the
immunotoxin to Pichia (92). Thus, we may say that the
low temperature expression helps to increase the yield of
aggregation-prone, unstable, and toxic products in Pichia.

Addition of 5 mM EDTA to the medium also improves
accumulation of proteins expressed in Pichia (41).
Supplementation of the induction medium with 0.4 M
L-arginine, 5 mM EDTA, or 2% casamino acids in the
BMMY induction medium (see section titled “Media
Compositions”) increased scFV expression (91). It should
be noted that medium manipulation can significantly
alter the profile of endogenous protein components
in the culture media, such that previously unnoticed
proteins accumulate at high levels. For example, we
have noticed that addition of 5 mM EDTA causes
accumulation of a protein of approximately 50 kDa
in the extracellular medium (41). This protein has
the aa sequence DIIWDYSSEKIMGVNLGGWL...,
which matches closely with the exo-g-1,3-glucanase of
S. cerevisiae (93) and Candida albicans (94). We have
also noticed that overexpression of human tissue inhibitor
of matrix metalloproteinase (TIMP1) in Pichia leads to
greater gram per liter accumulation of a 18-22 kDa
Pichia protein of sequence ADYMC’GLATYGAWEC’
GPEAGPFDSEC’LLATD (41).

Production Enhancement Using Protease-Deficient Strains

In addition to the optimization of media and growth condi-
tions, the product yield can be further improved by using
a protease-deficient Pichia strains generated by knock-
ing out a Pichia protease or by overexpressing a protease
inhibitor (for example, TIMP1 strain as noted above).
Protease-deficient Pichia strains SMD1168 (his4, pep4),
SMD1165 (his4, prbl), and SMD1163 (his4, pep4, prbl)
have been constructed (95). These strains have a disrup-
tion in the genes encoding proteinase A (PEP4) and/or
proteinase B (PRBI) (56). Proteinase A is a vacuolar
aspartyl protease necessary for the activation of vacuo-
lar proteases, such as carboxy peptidase Y and proteinase
B. In the absence of proteinase A, PrbIp is not fully
active. Thus, pep4 strain (SMD1168) is also expected to
have a lower level of Proteinase B activity. The prbl
strain (SMD1165) lacks proteinase B, whereas pep4prbl
strain (SMD1163) lacks all three of the protease activities.
These strains in general have low storage viability and are
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less robust (42,43). Nevertheless, these protease-deficient
strains, in combination with other strategies to improve
product stability, have been used to improve the pro-
duction yield of IGF-1 (46), ghilanten (56), laccase (96),
and human catalase (60). Disruption of KEXI, which
codes for a carboxy peptidase, resulted in expression of
full-length endostatin in Pichia (97). Recently, using a
gene pop-in/pop-out gene replacement approach (98), the
KEX1 was deleted from a Pichia hirudin production strain.
This resulted in most significant improvement in intact
Hir65 production, which approached 2.4 g/L for the KEX1
deleted strain compared to 1.1 g/L seen with the strain
without KEX1 deletion (99).

Enhancement of Protein Secretion by Overexpression of
Chaperone Proteins

Pichia is able to perform many posttranslational modifi-
cations found in higher eukaryotes, which include correct
folding, disulfide bond formation. Folding and disulfide
bond formation in some cases can be the rate-limiting step
in protein expression leading to protein aggregation (100).
It is not clear which single chaperone is most important or
which combination optimally cooperates in this process.

Overexpression of Pichia protein disulfide isomerase
(PDI), which is important for protein folding in the endo-
plasmic reticulum (ER), was able to increase the secretion
of Na-ASP1 protein in high copy clones (47). As noted
before, high copy clones of Na-ASP1 secreted less material
than single-copy constructs, perhaps due to overburdening
the Pichia secretory/protein folding machinery, which was
corrected by PDI overexpression.

A33scFV in Pichia is expressed at 4 g/L level, which
rose to > 10 g/L by overexpression of immunoglobulin bind-
ing protein (Bip) (101). The noted impressive increase is
attributed to increase in folding capacity. PID overex-
pression did not have any effect on A33scFV expression.
This was unexpected because A33scFV contains disulfide
bonds. Furthermore, simultaneous overexpression of both
BiP and PDF also did not have any effect in this system. It
was also noted that PDI expression in the A33scFV strain
caused a six-fold increase in endogenous BiP expression,
suggesting that PDI was inducing an unfolded protein
response due to excess chaperone and recombinant pro-
tein in the ER. In another study it was found that the
chaperone combinations YDJiP/PDI, YDJiP/Sec63, and
Kar2p/PDI synergistically increase secretion levels 8.7,
7.6, and 6.5 times, respectively (102).

A transcriptomics-based approach to identify novel fac-
tors enhancing heterologous protein secretion by analyzing
differential transcriptome of a Pichia strain overexpress-
ing human trypsinogen versus that of a control strain has
identified 524 genes to be significantly impacted. This was
narrowed down to 13 genes, all upregulated in the expres-
sion strain, as potentially important. The respective S.
cerevisiae homologs of these genes were cloned and tested.
All genes except one showed a positive effect on Fab frag-
ment secretion, of which PDI1, ERO1, SSO2, KAR2, BiP,
and HACI1 are previously characterized secretion helpers;
the newly identified ones to have role in product secretion
are Bfr2 and Bmh2 (involved in protein transport); Ssa4
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and SSel (chaperones); Cup5 (vacuolar ATPase subunit);
and Kin2 (a protein kinase subjected to exocytosis) (103).
The chaperone game has just begun and we can foresee
exploitation of this approach more fully in the years to
come.

Protein Glycosylation and “Humanization” of Pichia
N-linked Glycosylation

Pichia is able to perform both O-linked and N-linked
glycosylation of secreted proteins (17). O-linked glycosyla-
tion involves addition of oligosaccharides to the hydroxyl
groups of Serine and Threonine residues of the secreted
proteins. The O-linked residues in mammalian cells are
composed of variety of sugars (N-acetyl glucosamine,
galactose, sialic acid), whereas in Pichia it is solely made
up of mannose sugar. There is no defined consensus
primary amino acid sequence for O-glycosylation and dif-
ferent hosts may O-glycosylate at different positions of the
same protein. Even if a protein is not O-glycosylated in
the native host, it may receive O-glycosylation in Pichia.
For example, IGF-1 is not O-glycosylated in human host,
whereas in Pichia, about 15% of the IGF-1 produced is
O-glycosylated (46).

N-linked glycosylation involves addition of oligosac-
charide chains to Aspargine at the recognition sequence
Asn-X-Ser/Thr. It begins in the ER with the transfer of a
lipid-linked oligosaccharide unit, Gle(3)Man(9)GleNAc(2)
(Gle = glucose; Man = Mannose; GleNAc = N-acetyl glu-
cosamine) to Asn of Asn-X-Ser/Thr (104). This unit is
then trimmed to Man(8)GlcNAc(2). At this point onwards,
the lower eukaryotes and higher eukaryotes deviate in
the subsequent modifications that take place in the Golgi
apparatus.

The mammalian Golgi performs a series of trimming
and additions leading to three classes of N-linked gly-
cans: “high mannose” [Man(5-6)GlcNAc(2)], “complex”
(mixture of several different sugars) and “hybrid” (com-
bination of the high mannose and the complex) with a
common core, Man(3)GlcNAc¢(2). In Pichia secreted glyco-
sylated proteins (native as well as heterologous) only “high
mannose” kind typically with 8 to 9 mannose residues
in length [Man(8-9)GleNAc(2)] predominate with smaller
amounts of chains with more mannose residues. In S. cere-
visiae, only “hypermannose” kind with 50—150 mannose
residues in length [Man(50-100)GlcNAc(2)] are present
resulting in a hyperglycosylated protein. Pichia appears
not to have any terminal «-1,3 linked mannose (105,106)
that are unique to fungal glycoproteins and render recom-
binant proteins produced in fungi unsuitable for human
pharmaceutical uses (105). This should not be miscon-
strued to think that Pichia-produced glycoproteins are
perfect for human pharmaceutical use, because with only
“high mannose” kind, it is a far cry from mammalian-type
glycosylation. The high mannose glycans are believed to
reduce the half-life of the glycoprotein in vivo and may
be immunogenic, thus limiting the potential therapeu-
tic value of Pichia derived glycoproteins (107). Over the
past two decades, several groups have attempted to over-
come this problem, yet with limited success. Recently,
however, major advances in the glyco-engineering of the
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Pichia yeast have culminated in the production of fully
humanized sialylated glycoproteins (108). With the advent
of glycoengineered Pichia host with humanized N-linked
glycosylation potential, the goal of production of authentic
human glycoproteins in Pichia is getting closer than ever
(59,109).

Coexpression of Proteins and Proteins Complexes

Coexpression approach may not only be useful for increas-
ing expression, often it may be necessary to express two
or more heterologous proteins at the same time. The
first example of coexpression is that of the BSP1 (43
kDa) and BSP2 (52 kDa) components of B. sphaericus
mosquitocidal toxin (55). Since then, there have been other
reports of coexpression (47,101-103,110,111). Many pro-
teins function as members of multicomponent complexes
and successful expression strategy necessitates coexpres-
sion of subunits (39-41,110). The simplest way to engineer
strains for coexpression is by sequential transformation or
by cotransformation. Numerous dominant selection mark-
ers are available, which can be readily used for introducing
multiple constructs at the same time.

Fusion Proteins

Fusion protein expression has many advantages. Often
it can help stabilize a protein, and can also be valu-
able for expression of peptides. The most popular fusion
partner is the highly expressed HSA (112). Often ther-
apeutic proteins fused to HSA can be used directly for
therapeutic applications. Albuferon is a long-lasting fusion
protein between human interferon «-2b and HSA, which
is being codeveloped by Human Genome Sciences and
Novartis for treatment of Hepatitis C (113). Both fusion
configurations HSA-IFN «-2b and IFN «-2b-HSA were
expressed in Pichia. Although both expressed well, and
showed comparable antiviral activity, IFN «-2b-HSA was
more homogenous and stable. Heterogeneity and instabil-
ity of HSA-IFN «-2b was caused by incomplete disulfide
bridge formation between Cys! and Cys® of IFNa-2b due
to structural perturbation of IFN «-2b by HSA. Other
active fusion proteins successfully expressed in Pichia
include HSA-PTH (1-34,114).

Overcoming Protein Toxicity

Occasionally the protein being expressed may be toxic
to Pichia. Whether a protein is toxic to Pichia can be
ascertained by comparing the growth of transformants on
1% sorbitol (or 100 mM alanine) as sole carbon source to
that on sorbitol or alanine + methanol. Because, sorbitol
and alanine are nonrepressive carbon sources (42,115),
methanol is able to induce AOXI promoter in their pres-
ence. The other nonrepressive carbon sources include
mannitol and trehalose (115). If the expressed protein
is toxic, the growth in the presence of methanol will be
drastically impaired. Even if the protein is toxic, it is still
possible to express, because of the tight regulation of AOX1
promoter. A stepwise induction is suggested. First the cell
mass is built up using glucose as sole carbon source, tak-
ing care to see that glucose is not limiting. Under these
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conditions AOXI promoter remains completely repressed.
Subsequent to this, protein production is initiated with
methanol feed.

Alternative Promoters for Expression

Although AOX1 promoter has been used extensively, with
great success, several other promoters are available for
exploration. The only potential drawback with the AOX1
promoter, if we may say so is the need for methanol,
which is a potential fire hazard especially in quantities
needed for megaton plants. Also, the use of methanol
may not be appropriate for production of food products.
Furthermore, the unique, unsurpassed tight regulatory
and highly inducible features of AOXI promoter may not
be needed in every instance. Thus, promoters that are not
induced by methanol may be useful in some instances for
expression of certain genes. The following are alternative
promoters:

1. The constitutively active GAP (glyceraldehyde-3-
phosphate dehydrogenase) promoter (116).) The
advantages of this promoter is that the protein can
be produced more straightforwardly without having
to make media shifts and the promoter strength
is quite high. It is also convenient for production
of isotope labeled proteins for NMR studies. GAP
promoter is not a good choice for the production of
proteins that may be toxic.

2. Methylamine (or methanol) inducible FLDI
(formaldehyde dehydrogenase) promoter (117).
This retains many of the tight regulatory features
of AOXI1 promoter. Promoter strength is quite
high. A key advantage is that it can be induced
using methylamine, which is inexpensive, as a sole
nitrogen source (with glucose as carbon source). It is
repressed in medium with glucose and ammonium
sulfate.

3. Methanol or oleate inducible PEX8 (a peroxisomal
matrix protein gene) promoter (118). The promoter
strength on methanol is considerably weaker than
that of AOX1 or FLD1 promoters.

4. Constitutively active weak YPT'I (a GTPase involved
in secretion) promoter (119). The YPT1 promoter
provides a low but constitutive level of expression in
media containing glucose, methanol, or mannitol as
carbon sources (119). This may be useful for coex-
pression of chaperones to enhance protein folding
and secretion in production strains.

5. Ethanol and stationary phase inducible ICL1 (isoc-
itrate lyase 1) promoter (120). ICL1 promoter is
inducible with ethanol and repressed by glucose in
the exponential phase. In the stationary phase ICL1
is expressed even in the presence of glucose.

One aspect that investigators have to keep in mind in
using these alternate promoters for commercial applica-
tions is that they may have to pay royalty as the patents
are still active, unlike AOXI promoter patent, which has
expired.
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FERMENTATION PROCESS

Typically two-phase fermentation is used. In the first
phase (biomass stage), cells are grown until glycerol
is depleted. In the second phase (protein production
stage), gene expression begins by feeding methanol to
the bioreactor. There are numerous factors that impact
production yield in a bioreactor, including culture medium
composition, strain, pH, temperature, agitation rate,
dissolved oxygen, induction condition, and fermentation
strategy. Several of these factors have been already
discussed (see section titled “Production Enhancement
by Manipulation of Media and Growth Conditions”.
Basic protocols for P. pastoris fermentation have been
abundantly described in literature (e.g. (42,121), and
http://www.biotechlab.net/UserFiles/File/787348 Ref_Inv-
itrogen2002.pdf.). Improvements which have been made
to basic protocol have been recently reviewed (122,123).
Few salient features are reviewed here.

Fermentation Media and Operational Conditions

Basal salt medium (BSM) is the most common medium
for high cell density fermentation, although it may not
be the optimum and may have some important prob-
lems (unbalanced composition, precipitates, ionic strength,
etc.). Therefore, alternative media such as FM21 (44) and
FM22 (121,122) have been described. The BSM medium
provides, in general, high concentration of basic elements,
all at the upper level of the recommended range pro-
posed by Wegner (3). Conversely, FM21, and the D’Anjou
media (123) have a low concentration of chemical ele-
ments, around the low limit suggested by Wegner (3). The
concentrations of the elements in FM22 media are similar
to BSM with the exception of potassium. One of the most
important points in a medium formulation is the nitrogen
source. In BSM, and FM21, nitrogen is solely added as
ammonium hydroxide when controlling pH. This is also
true to a large extent for FM22. However, in the D’Anjou
medium all nitrogen is supplied at the initial formulation
and it is not added during the culture. Nitrogen starva-
tion starts around 50 g/L of biomass (123). The lack of
nitrogen is directly related to the increase in proteolytic
activity resulting in the degradation of extracellular pro-
tein. Thus, in BSM and FM22 media, where nitrogen is
added to control pH, this effect could be present when
high biomass concentration is reached. The optimal con-
ditions (medium, pH, temperature, etc.) are dependent on
the strain used and thus have to be adjusted accordingly
using the guidelines and considerations noted (see section
titled “Production Enhancement by Manipulation of Media
and Growth Conditions”).

Dissolved Oxygen (DO) Control

Dissolved oxygen (DO) is an important factor for protein
productivity in a bioreactor. It can be controlled with
combination of agitation rate, and the air (or O3) flow
rate. During the glycerol batch phase (20-24 h), the DO
is controlled by adjusting the agitation rate up to 800
rpm for a typical 4-L bioreactor, and around 450 rpm for
60-L reactor, and then manually adjusting the air (or O3)
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flow rate into bioreactor. Upon exhaustion of glycerol, the
DO will rise rapidly. Typically, DO should be maintained
around 30%, but need to be further optimized on a case by
case basis.

Growth Kinetics

In the methanol unlimited fed-batch and continuous cul-
tures with Mut™ cells, growth inhibition at high methanol
concentration is noted. Specific growth rate increases
with methanol concentration up to a maximum value
named theoretical maximum specific growth rate u,,.,,
corresponding to a critical substrate concentration (Scrit),
beyond which it declines. Methanol concentration lower
than Scrit, represent growth-limited state and for values
higher than Scrit, represent the growth inhibited state.
A comparison of the kinetic parameters obtained for the
different heterologous proteins indicate that the growth
rate is influenced by the protein being expressed (123).

Fed-Batch Fermentation Operational Strategy

Fed-batch fermentation protocols include three different
phases. A glycerol batch phase (GBP), a transition phase
(TP), and finally a methanol induction phase (MIP).

1. Glycerol Batch Phase (GBP): The objective of GBP is
to rapidly generate biomass prior to protein produc-
tion. The maximum specific growth rate of wild-type
Pichia on glycerol (0.18 h~!) is higher than grow-
ing on methanol (0.14 h~') (69) and this methanol
imax 18, generally, lower when Pichia is producing
a heterologous protein. GBP strategy is common for
Mut*, Mut~, and Mut® Pichia strains and typically
40 g/L glycerol is used; concentration over 40 g/L
could inhibit growth. Brierley and coworkers recom-
mended a maximum glycerol concentration of 6%
(70) and ethanol levels between 0.5 and 2.4% were
detected when glycerol concentration was over 7%
(124). The observed biomass to substrate yield (YX/S)
(biomass expressed as dry cell weight) is about 0.5.
Thus, a final biomass around 20 g/L is obtained at
the end of GBP. The glycerol exhaustion (end of
batch phase) is indicated by a sharp increase in the
DO, which is the most common parameter used for
initiation of TP.

2. Transition Phase (TP): TP has two objectives, one
is to further increase biomass level and the other is
to cause de-repression of the AOX1 promoter due to
the absence of excess glycerol prior to MIP. Constant
glycerol feeding rate (125) or an exponential glyc-
erol feeding rate is used to reach a growth-limited
level. Cell growth predictions, for different exponen-
tial feeding profiles have been shown by Zhang and
coworkers (126). The maximum glycerol specific con-
sumption rate is 0.0688 g/(g h). The final biomass
levels reached at the end of the TP is generally above
30 g/L. During TP, glycerol feeding rate is gener-
ally complemented with a methanol feeding rate to
augment the de-repression of AOX1 promoter. With
mixed feeding, cultures can be primed for methanol
induction, which leads to a substantial reduction
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in the length of MIP, as has been demonstrated in

lipase production (127). Also, the methanol supple-

ment can strongly support cells to synthesize AOX1

(128). Different methanol profiles have been used for

the TP, which include the following:

® raising methanol feeding rate as a function of
response of DO up to a 7.6 mL/(h L) (129);

¢ maintaining methanol concentration at set points
4 g/ (125) or 1-2 g/L (130);

e about 1 h starvation phase prior to MIP to assure
that glycerol is completely consumed (131);

¢ a decreased glycerol feeding rate and constant
methanol feeding rate (132,133).

3. Methanol Induction Phase (MIP): The methanol
feeding strategy, which also dictates the specific
growth rate, is one of the key factors for maxi-
mizing protein production (126,128), since protein
production is directly or indirectly associated with
cell growth (134). Moreover, MIP may depend
on the operational conditions (e.g. temperature,
pH, and culture medium), phenotype, and specific
characteristics of the heterologous protein produced.
The synthesis, processing, and secretion of the
protein could also affect cell growth. Different
approaches have been proposed to optimize MIP.
These strategies are reviewed in (123).

Methods for Monitoring Methanol Concentration

One of the key parameters of AOX promoter based Pichia
expression system is the methanol concentration, which
is both a substrate and inducer. High levels of methanol
are toxic to the cells and low levels of methanol may
not be adequate for induction of expression. For optimal
protein production, methanol induction strategy is
critical. This has to be implemented keeping in mind the
genetic background of the strain (Mut*, Mut®, or Mut~),
which has been addressed in the fermentation guide-
lines provided by Invitrogen Corporation (http://www.
biotechlab.net/UserFiles/File/787348 Ref Invitrogen2002.
pdf) and in other published reviews (42,121-123). Keeping
a constant methanol concentration during the induction
phase is beneficial to optimal protein production (121). DO
spike method has been used historically to estimate the
methanol concentration. This technique, however, exposes
the cells to potentially noninducing levels of methanol
and cannot be easily implemented with Mut~ clones or
with mixed substrate feeds. Off-line methods for methanol
quantification include gas chromatography, HPLC (high
performance liquid chromatography), and enzymatic
determination, which are used in connection with a batch
or fixed preprogrammed methanol addition strategy. A
near infrared spectroscopy (NIRS) technique has also
been used to model key analytes (biomass, glycerol,
methanol, and product concentration) in the production
of a therapeutic protein in high cell density culture
(135). These off-line methods require a pretreatment of
the sample and there will be precious time lapse for
implementation. The sequential injection analysis (SIA)
developed by Surribas and coworkers is able to measure
seven samples per hour with low standard deviation (136).
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YSI 2700 select analyzer (http:/www.ysilifesciences.com/)
from Yellow Springs Instruments (Yellow Springs, Ohio).
can be readily connected to a bioreactor for SIA. However,
continuous extraction of samples increases contamination
probability, besides sample loss.

Fortunately, many on-line methanol sensors have been
successfully adopted to monitor Pichia fermentors (123),
which are as follows:

¢ Raven methanol sensor from Raven Biotech Inc.
(Vancouver, BC, Canada), which uses a probe
inserted into the bioreactor (http:/www.raven-
biotech.com/products.html).

* TGS822 sensor for the detection of organic vapors
from Fiagro Electronic Co. Ltd (Tahin, China) (http://
www.etesters.com/products/details.cfm/part/TGS822/
productID/58856492-802e-f41e-d604-2d325dd53216).

¢ Directly detecting the methanol vapor in the stream
gas outlet by diverting it to an MC-168 methanol
monitor and controller (PTI Instruments, Inc., Kath-
leen, Georgia) equipped with a TGS822 methanol
sensor.

* Alkosense probe (Frings America, Illinois) (137). This
measuring principle is based upon the selectivity of
the semipermeable membrane system, which rejects
low volatility substances like sugar and glycerin, as
well as most organic substances including organic
acids. If easily volatilized components are present,
that is ethanol and methanol, the system will not be
able to differentiate between the various components,
and will measure the combined concentrations. (http:
/Iwww.fringsamerica.com/markets/brewing/alkosens
.asp).

If the growth kinetics of a Pichia production strain
is preestablished, then the methanol feed rate can be
adjusted according to the specific growth rate during the
induction phase. This can be an effective way to main-
tain optimal methanol concentration in the bioreactor. In
fact, this strategy has resulted in 2.5-fold higher produc-
tivity of lipase (127). To improve the expression level,
glycerol and methanol were fed simultaneously, followed
by a single methanol feed, and resulted in the highest pro-
ductivity (12,888 U/L h)], which is 13.6-fold higher than
the DO-based strategy. On-line methanol measurement,
which permits implementation of closed-loop control algo-
rithm (138) can be more effective than open-loop control
strategies or indirect methanol feed rate from other fer-
mentation parameters/variables as specific growth rate in
particular, from industrial point of view for a reproducible
fermentation at a constant methanol set point.

Methanol Control Schemes

To produce small quantities of heterologous protein,
the methanol feeding strategy from http/www.
biotechlab.net/UserFiles/File/787348 Ref Invitrogen2002.
pdf or as found in (42) is adequate. When the objective
is to reproducibly maximize product yield and for quality
control, the selection of the optimal methanol feeding
strategy in the induction phase is necessary. When on-line

Motif Exhibit 1059, 223 of 653



methanol concentration monitoring is not available two
different methanol feeding strategies, DO spike method,
and an open-loop methanol control strategy are most
commonly used (121). Both these strategies and their
limitations have been elegantly reviewed (123). In the DO
spike method, methanol feeding rate is modified in order
to avoid methanol exhaustion as indicated by a sharp
increase in dissolved oxygen. Neither methanol concentra-
tion nor specific growth rate are constant in this strategy,
and thus it is difficult to study the effect of these variables
on the production of the heterologous protein. DO spike
method has an additional problem, if an inhibitory
methanol level is reached, a sharp increase in DO will
be observed, the response of the system will be then to
increase the methanol feeding rate leading to methanol
accumulation to toxic levels in the bioreactor. In the
method based on the methanol control using an open-loop
structure, a feeding rate profile derived from mass balance
equations to theoretically maintain a constant specific
growth rate () is used. This approach is based on simple
cell growth models with no on-line information about the
system. To implement this method, a constant YX/S for
the fed-batch induction phase is considered and, biomass
concentration and volume are supposed to be known at the
beginning of the preprogrammed feeding strategy. Zhang
and coworkers, empirically developed a methanol feeding
strategy based on a growth model, obtaining u to maximize
the protein production (126). D’Anjou and Daugulis have
demonstrated the usefulness of a rational, model-based
approach for improving the productivity by using an expo-
nential feeding strategy with mixed glycerol-methanol
substrate in a fed-batch (130). Although open-loop
systems could be easy to implement they do not respond to
possible perturbations of the system. Simplest closed-loop
control strategy is the “on—off” control mode. Some works
have been published with apparently satisfactory results
(for example, (126,133)). However, due to the complexity
of the system, a simple “on—off” control strategy is
inadequate for precise control of methanol concentration
in the bioreactor leading to fluctuations in methanol
concentration around the set point.

Mixed Substrates

One strategy to increase the productivity of Pichia expres-
sion is the use of a multicarbon substrate in addition to
methanol. It is a simple way to augment the energy supply
to cells in the culture broth (128,133,139). A mixed feed
reduces the induction time, increases cell density, and
volumetric productivity (140). The mixed feeding strat-
egy is generally employed for Mut® Pichia fermentations
because of the slow methanol utilization, which requires
large induction times (above 100 h), although it has also
been used for Mut* strains (141). Glycerol has been the
most feeding cosubstrate used at limited rates, ensur-
ing good cell growth while inducing the expression of
the heterologous protein. However, although the volu-
metric productivity increased, the specific productivity of
recombinant protein is lower because glycerol represses
the AOX1 promoter (142). Inan and Meagher compared
different carbon sources in terms of their ability to sup-
port growth and expression of an AOXI-lacZ fusion in
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shake flasks studies of a P. pastoris Mut~ strain (115).
As predicted, glucose, glycerol, ethanol, and acetate sup-
ported growth but repressed the expression of g-gal. On
the contrary, growing on media containing alanine, man-
nitol, sorbitol, and trehalose expressed as much or higher
amount of B-galactosidase compared to the Mut* strain.
Recently, lactic acid has also been referred as nonrepress-
ing substrate (142). The use of a less repressing carbon
source may result in higher specific production rates,
improving overall productivity, and eliminating the need
for such tight control of residual substrate levels. Among
them, sorbitol is a widely accepted nonrepressive carbon
source for P. pastoris and methanol can be added to the
sorbitol feed at any desired point to initiate induction of
expression (41).

Continuous Fermentation

Continuous production mode in comparison to fed-batch
fermentation, offers advantages in terms of higher volu-
metric productivity, product quality, product uniformity,
significant reduction in exposure of the product to the
proteolytic enzymes, oxidative damage or inactivation,
and overall reduction of downtime (143,144). Continuous
operation using methanol as sole carbon source under
control of AOXI promoter is practically limited to Mut*
cells. The low maximum specific growth rate of Mut® phe-
notype limits the operational dilution rate and thus, the
productivity of the process. However, Boze and coworkers
in a continuous process at a dilution rate of 0.012/h with a
Mut® obtained a 6.4-fold higher productivity and 2.3 times
higher specific productivity of porcine Follicle-stimulating
hormone (FSH) compared to that achieved with fed-batch
process (145). As discussed under “mixed substrate”
section, one approach to increase the productivity of Mut®
phenotype is the use of a mixed carbon feed. Glycerol and
sorbitol are the most commonly used cosubstrates jointly
with methanol. With glycerol, the continuous strategy is to
select a dilution rate far enough from pmax to ensure that
no glycerol is allowed to accumulate in the broth, and also
methanol concentrations have to be maintained at levels
sufficient to fully induce heterologous protein production,
yet not so high as to be inhibitory to cell growth or het-
erologous protein expression (130). D’Anjou and Daugulis
performed a set of continuous stirred tank reactor or CSTR
(continuous fermentation) experiments to determine
the relationship between the dilution rate (in a range
between 0.01 h~! and 0.09 h-!), the specific methanol
consumption rate, and the specific production rate in the
heterologous production of a sea raven antifreeze protein
using mixed methanol-glycerol feed (146). The specific
methanol consumption rate as a function of the dilution
rate showed a maximum at approximately D = 0.05 h~'.
Maximum production was achieved at the lowest dilution
rate. However, the maximum specific production rate (@)
was achieved at the highest dilution rate. This behavior
confirms that product formation is related to growth by a
constant yield coefficient. Finally, they demonstrated that
a CSTR system will yield a higher productivity compared
with a fed-batch system. Readers are directed to Refs
(122) and (123) for further discussions on CSTR.
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Cyclic Fed-Batch Culture (CFBC)

A simple cyclic fed-batch culture (CFBC) consisting of a
constant medium feed with periodic withdrawals of cul-
ture resulted in a product yield (13.4 mg HSA/g biomass)
similar to that obtained using the complex multiphase
industrial production strategy (13.7 mg HSA/g biomass)
has been reported (147). Thus, using a much simpler pro-
tocol, it is possible to obtain yields comparable to that seen
with more complex multiphase feed strategy.

Hypoxic Fed-Batch Cultivation

High cell density fermentation of Pichia has to cope with
many technical limitations, most importantly the transfer
of oxygen. By applying hypoxic conditions to chemostat
cultivations of Pichia expressing an antibody Fab frag-
ment under the GAP promoter, a 2.5-fold increase of
the specific productivity @, at low oxygen supply was
observed. At the same the biomass decreased and ethanol
was produced, indicating a shift from oxidative to oxid-
ofermentative condition. Based on these results a feedback
control for enhanced productivity in fed-batch processes,
where the concentration of ethanol was kept in the culture
at 1% (v/v) by regulated addition of feed medium. This
strategy was tested successfully with three different pro-
duction strains, leading to a three- to sixfold increase in
@, and threefold reduced fed-batch times. Taken together,
volumetric productivity @, increased 2.3-fold (148).

Optimization of Trace Metals

A study of trace metals effect on growth and yield of
LACZ production in GS115 Mut* strain has shown that
both Mg and Zn are essential to support growth, but the
amount required is considerably lower than the level typ-
ically used. Supplementation with Ca, Co, Mo, Fe, Mn,
I, and B were not required to sustain cell mass. When
the medium was reformulated with only Mg and Zn, the
cells grew for 12—15 generations, which are expected for
high cell density fed-batch fermentation. Product yields
of LACZ was significantly affected by trace metals. When
optimizing a fermentation process, the objective is also to
decrease production costs, including indirect issues such
as compliance to regulatory agency restrictions, impacts to
downstream processing steps, effect of the medium compo-
nents to equipment maintenance, etc. Clearly, reduction
or elimination of trace metals potentially impacts all these
intangibles (149). This study shows the importance of crit-
ically examining and accordingly adjusting the trace metal
levels for a given production strain.

CONCLUSIONS AND FUTURE PERSPECTIVES

Pichia undoubtedly has proven to be a reliable system
for expression of a wide assortment of proteins, many of
which are expressed at several grams per liter levels. It
is impressive to see how enthusiastic researchers from all
corners of the world are willing to make it work, because
it seems as though a researcher feels, it is his/her own
fault, if the protein of interest did not work in Pichia! This
bears testimony to the grand track record of Pichia. With
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the recent success seen in expression of several membrane
proteins, I am sure we will hear many more success
stories in that category as well. With the availability of
glycoengineered Pichia, we can foresee that Pichia will
gradually replace mammalian cell expression system for
production of authentic human pharmaceuticals. Pichia
surface display has just surfaced (150); we can anticipate
all sorts of novel surface display applications in the years
to come. Pichia expressing fish growth hormone has been
directly fed to fish to dramatically impact growth rate
(151); Pichia expressing B. sphaericus mosquitocidal tox-
ins (55) is an effective biopesticide when fed to mosquito
larvae, and likewise, Pichia expressing garlic lectins (152)
shows potent insecticidal activity toward aphids. With
wider acceptance of genetically modified organisms, we
can foresee wholesome Pichia applications in biopesticide
(55,152), biocatalysis (153,154), and perhaps even Pichia
burger—why not? It is able to assemble collagen fibers
so efficiently, just clone in that beef savory-peptide; we
are on our way to a Pichia burger. May be the Phillips
Petroleum Company’s initial Pichia-SCP dream, will be
realized after all.

I can see someone out there read Pichia genome, create
knockout and knockin strains for every Pichia ORF, and
study their impact on recombinant protein expression in
a bioreactor! Thinking of bioreactors, I am a bit puzzled
why Pichia has not yet been adopted for cultivation
in wave bioreactors offered by GE Healthcare (http://
www.wavebiotech.com/products/wave_bioreactor/system-
500/index.html). Wave technology is a completely closed
system with disposable bioreactor chamber, scalable
to 500 L, easy to operate, and provides controllers
for dissolved oxygen, pH, COs, O, and other optional
modules. Designed for R&D, process development and
¢GMP production use, the Wave Bioreactor is gaining
popularity for mammalian and insect cell cultivation
and has recently been adopted for S. cerevisiae (155).
Culture medium and cells only contact a presterile,
disposable chamber called a Cellbag that is placed on
a special rocking platform. The rocking motion of this
platform induces waves in the culture fluid. These waves
provide mixing and oxygen transfer, resulting in a perfect
environment for cell growth. The bioreactor requires no
cleaning or sterilization, providing the ultimate ease in
operation and protection against cross-contamination.

With the expiry of the key Pichia patent, and presence
of literally hundreds of Pichia-experts around the globe,
many more industrial outfits will embrace Pichia and we
can anticipate many more Pichia derived proteins and
vaccines to be commercialized in the near future. May be
we will see Pichia engineered to fix CO2, as well as makes
its own Oy, so that we would not have to worry about
feeding methanol or oxygen to bioreactors—certainly a
sigh of relief!

MEDIA COMPOSITIONS

Stock solutions (42)

10 x YNB: 13.4 g of yeast nitrogen base without amino
acids (YNB) in 100 mL of water and filter sterilize.
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500 x B: 20 mg D-biotin in 100 mL water and filter
sterilize.

100 x H: 400 mg L-Histidine in 100 mL water (heat if
necessary) and filter sterilize.

10 x D: 20 g D-glucose in 100 mL water. Autoclave or
filter sterilize.

10 x GY: Mix 10 mL of glycerol with 90 mL water and
filter sterilize.

10 x M: Mix 5 mL methanol with 95 mL water and
filter sterilize.

Minimal media compositions (42)

MD: Mix 100 mL of 10 x YNB, 2 mL of 500 x B, and
100 mL of 10 x D with 800 mL autoclaved water
(include 15 g bacto-agar for plates).

MM: Mix 100 mL of 10 x YNB, 2 mL of 500 x B, and
100 mL of 10 x M with 800 mL autoclaved water
(include 15 g bacto-agar for plates).

MGY: Mix 100 mL of 10 x YNB, 2 mL of 500 x B, and
100 mL of 10 x Gy with 800 mL autoclaved water
(include 15 g bacto-agar for plates).

Supplemental medium (42)

MDH: Mix 100 mL of 10 x YNB, 2 mL of 500 x B,
100 mL of 10 x D, and 10 mL 100 x H with 790
mL autoclaved water (include 15 g bacto-agar for
plates).

MMH: Mix 100 mL of 10 x YNB, 2 mL of 500 x B,
100 ml of 10 x M, and 10 mL 100 x H with 790
mL autoclaved water (include 15 g bacto-agar for
plates).

MGYH: Mix 100 mL of 10 x YNB, 2 ml of 500 x B,
100 mL of 10 x MGY, and 10 mL 100 x H with
790 mL autoclaved water (include 15 g bacto-agar
for plates).

Complex media composition (42)

YPD: Dissolve 10 g bacto yeast extract, 20 g pep-
tone, and 20 g glucose in water (also include 15
g bacto-agar for plates) and autoclave for 20 min.

YMPD: Dissolve 3 g of yeast extract, 3 g of malt extract,
5 g of peptone, and 10 g of glucose in 1 L of water
and autoclave.

YMPGY: Same as YMPD with the exception that 10
mL of 100% glycerol is used instead of 10 g glucose.

Secretion media composition (42)

BMGY: Mix 100 mL of 1 M potassium phosphate buffer,
pH 6, 100 mL of 10 x YNB, 2 mL of 500 x Biotin,
and 10 mL of glycerol. Filter sterilize and add to an
autoclaved solution of 10 g yeast extract and 20 g
peptone in 788 mL water (15 g bacto-agar is included
for plates),

BMMY: Same as BMGY, with the exception that 5 mL
methanol is added in the place of 10 mL glycerol.
Note: Yeast extract and peptone in the above media can

be replaced by 1% casamino acids.

The following buffers are used to adjust the pH of
BMGY and BMMY to desired pH:

Phosphate buffer for pH range 5.7-8

Alanine—HCI buffer for pH range 2.8-3.6
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Aconitic acid—NaOH buffer for pH range 3-5.7
Citrate buffer for pH range 3-6.2

Avoid succinate buffer, because succinic acid will
repress induction of the AOX1 promoter.

Fermentation Medium and Reagents

Basal salts medium (BSM) derived from Wegner (3)
For 1 L, mix together the following ingredients:
H3POy (85%) 26.7 mL

CaS04-2H20 0.93 g

KQSO4 18.2 g

MgS0,-7TH20 149 g

KOH4.13 g

Glycerol 40 g

Waterto 1 L

After autoclaving, adjust the pH to 5 with 28% NHj (con-
centrated ammonium hydroxide). It is normal that the
medium becomes cloudy at pH 5. The added ammonium
hydroxide serves as nitrogen source during fermentation.

FM21 basal salt media, derived from Wegner (3)
For 1 L, mix together the following ingredients:
H3PO4 (85%) 3.5 mL

CaS04-2H200.15 g

KoSO4 24 g

MgS0,-7TH20 1.95 g

KOH 0.65 g

Glycerol 40 g

Waterto 1 L

FM22 basal salt media (121)

For 1 L, mix together the following ingredients:
KHyP04429¢

CaS04-2H20 182 g

(NH4)2S04 5 g

K2SO4 143 g

MgS0,4-7TH,0 1.95 g

Glycerol 40 g

After autoclaving pH is approximately 4.5

PTM1 trace salts derived from Wegner (3)
Mix together the following ingredient in 1 L of water:
CuS04-5H20 6 g

Nal 0.08 g

MgS0O,-HsO3 g

NayMo04-2H20 0.2 g

H3B030.02 g

CoCl2 0.5 g

ZnCl; 20 g

FeS04-TH20 65 g

Biotin 0.2 g

HQSO4 5 mL
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Water to a final volume of 1 L

Filter sterilize and add 4.35 mL/L to the autoclaved
starting medium.

Note: There may be a cloudy precipitate upon mixing of
these ingredients.

The precipitate does not have any adverse effect on
growth of Pichia.

If precipitation is a concern, then PTM4 (see section
titled “PTM4 Trace Salts”), which has lower amounts
of copper, iron, zinc, and sulfuric acid may be used.

PTM4 trace salts (122)

Mix together the following ingredient in 1 L of water:
CuS04-5H20 2 g

Nal 0.08 g

MnSO4-H203 g
Nay-NagMo0O4-2H,0 0.2 g
H3BO3 0.02 g

CoCl2 0.5 g

ZnClp 6.7g

FeS04-TH,0 216 g

Biotin 0.2 g

HSO4 1.7 mL

Water to a final volume of 1 L

Filter sterilize and add 4.35 mL/L to the autoclaved
starting medium.

5% (w/v) antifoam solution (AF) (122)

Dissolve 25 g of KFO™ 673 antifoam (food grade,
KAOB Chemicals, Inc., WY, USA) in 500 mL water,
filter sterilize, and add 2 mL/L to the starting
medium. Additional amounts may be added as
needed to eliminate foam during the fermentation.

GLOSSARY OF P. PASTORIS STRAINS

Y-11430-SC5 (wild type) (NRRL)
X-33 (wild type) Invitrogen

GS115 (his4)—this Mut* strain is also known as
GTS115 (54)

KM71 (his4, aox1::SARG4)—this is Mut® strain (28)

PPF1 (his4, arg4) (28)

MC100-3 (aox1::SARG4, aox2::HIS4, his4, arg4)—this
is Mut~ (44)

Protease-deficient strains

SMD 1168 (his4, pep4) (95)

SMD1165 (his4, prB1) (95)

SMD 1163 (his4, pep4, prB1) (95).
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Bioprocess R&D, Merck
Research Laboratories,
Rahway, New Jersey

INTRODUCTION

Several diverse roles, objectives, and purposes are asso-
ciated with a bioprocessing, biochemical, or biopharma-
ceutical pilot plant. These include, but are not limited to,
the manufacture of early- and late-phase clinical supplies,
process development (including process characterization,
validation, and comparability (1)) for new products in the
company pipeline, process improvement including tech-
nical support for existing products in the market, and
production of biologically produced materials (which are
not intended for the clinic) to support basic research
efforts such as screening, assays, and disease mecha-
nism elucidation. Despite desires to design pilot facilities
for diverse differences in scale, products, processes, clin-
ical phases, and capacity, limited capital and operating
budgets force value engineering decisions about “must
have” and “nice to have” capabilities (2). Unlike chemi-
cal pilot plants, pharmaceutical pilot plants are used not
only to scale-up laboratory processes, but also to produce
developmental quantities of chemicals (and biological sub-
stances) for safety, toxicological, and clinical studies (3).
Thus, balancing of the demands for scale-up and develop-
ment research with those for clinical production is a key
dilemma for pilot plant operation (4). This tension has
resulted in an increased recent attention to the develop-
ment of scale-down models to mimic larger scale perfor-
mance and thus reduce demands for pilot scale process
development runs (5). Another challenge is to determine
what proportion of the material requirements for each
phase of a product’s development has to be outsourced
to contract manufacturing organizations (CMOs). Some
CMOs are even targeting clinical-scale production clients,
essentially building pilot plants for hire (6). The timing
and reliability of clinical material production is critical
as expensive and time-consuming clinical programs can
be delayed, thus postponing product application filings,
approvals, and launches (7). Although traditionally pilot
plants have not manufactured material for sale, acceler-
ated launch dates, deferred manufacturing facility capital
commitments, and other areas of project uncertainty have
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Heterologous Protein Expression in Yeasts
and Filamentous Fungi

NINGYAN ZHANG AND ZHIQIANG AN

Tt ST

11.1. INTRODUCTION

Development of recombinant DNA technologies in the
late 1970s laid the foundation for the advancement of
various heterologous protein expression systems, including
those based on microbial platforms. In the early 1980s,
Escherichia coli and Saccharomyces cerevisiae expression
systems were developed and used for heterologous protein
expression (47). Many comprehensive reviews of these
two expression systems are available (12, 29, 41, 48, 60,
72, 74, 110, 134). Development of other microbial ex-
pression systems, such as the methylotrophic yeast Pichia
pastoris (72) and filamentous fungi (74), followed quickly,
and the broad utility of these systems is becoming increas-
ingly apparent.

Heterologous protein expression technologies are widely
used in both academic research and industrial applications.
In basic research, heterologous gene expression serves as
an important tool to prepare proteins and enzymes that are
either at limited levels or difficult to purify in their native
context. Heterologously expressed proteins and enzymes are
used across the entire spectrum of biology. Many enzymes
and proteins are of commercial importance, and therefore
improved processes for large-scale production of industrial
enzymes and proteins are of great interest. Since different
enzymes and proteins possess different molecular and bio-
chemical characteristics, different expression systems with
specific features are required to meet the growing need for
heterologous protein expression at the level of both basic
and industrial research. .

With the steady advancement in gene expression tech-
nology, such as new vectors for gene delivery, improvement
in throughput of screening for strain selection, and geneti-
cally engineered hosts, production of recombinant proteins
has become more efficient with broader applications. In
addition, introduction of fusion tags such as hexa-histi-
dine (6x His) and inducible promoters has allowed rapid
detection and purification of recombinant proteins and
increased expression titers. Since enzymes and proteins
have diverse physical and biochemical properties, expres-
sion yields vary widely from microgram to low-milligram
(37, 57) to multi-gram levels (62). Choosing a suitable
expression gystem for a protein of interest is one of the
most critical steps for the development of a high-expression
process. Some advantages and drawbacks for commonly
used heterologous protein expression systems are listed in

145

Table 1 (138). E. coli expression systems provide quick and
easy molecular manipulation and, in general, require low-
cost growth media. However, the protein expression in E.
coli cannot be used if foreign proteins require transcriptional
and/or posttranslational processing and modifications. By
contrast, fungal protein expression systems including yeast
and filamentous fungi can provide high expression levels
and posttranscriptional and posttranslational processes
and modifications of eukaryotic proteins. Similar to E. coli
protein expression systems, fungal expression systems need
low-cost culture media, the technologies needed for scale-
up of fungal fermentation processes are well developed, and
the organisms are Generally Regarded As Safe (GRAS) (24,
127). In contrast, insect and mammalian expression systems
require special culture conditions and relatively high-cost
culture media and often have lower expression titers.

When choosing a heterologous protein expression sys-
tem, the following general criteria should be considered: (i)
requirement of translational modification and processing
of the protein; (ii) authenticity of the expressed proteins;
(iii) protein expression level and scale-up requirement;
(iv) localization, e.g., intracellular, membrane-bound, or
secreted proteins; (v) cofactor requirement; and (vi) cost,
safety, and other regulatory-related issues. Each protein
expression system offers a unique set of properties, and
for successful production of a heterologous protein, it is
often required to tailor a process specifically based on the
properties of the protein to be produced and the expression
system used.

Many filamentous fungi and yeast species have been
used for heterologous protein expression (32, 34, 53, 54,
89, 94, 101, 105, 110, 112, 132, 133). There are numer-
ous reviews addressing foreign protein expressions in each
of the fungal protein expression systems (14, 20, 21, 44,
63, 101, 107, 110). Most reviews are focused on one spe-
cific system. Furthermore, some address specific aspects
of the expression system, such as protein secretion in S.
cerevisiae (121) and glycosylation of proteins in P. pastoris
(11). Significant progress has been made in recent years
in the production of therapeutic proteins and antibodies
using humanized yeast (40). This chapter covers the most
commonly used fungal expression systems (S. cerevisiae,
P. pastoris, and Aspergillus species), with a focus on vector
systems, promoter and leader sequences, posttranslational
modifications, and fermentation scalability.
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TABLE 1 Pros and cons for some commonly used heterologous protein expression systems

Expression hosts

Pros

Cons

E. coli

S. cerevisiae

P. pastoris

Filamentous fungi

Insect cells

Mammalian cell lines

Easy genetic manipulation, rapid growth, simple me-
dia requirements and low cost to grow, no human
virus carried

Low-cost culture and easy to grow, genetic regulation
well known, secretion protein, no risk for human
virus infection

High-level expression, low cost and easy to grow, ge-
netic regulation well known, secretion protein, no
risk for human virus infection

High level of expression, good secretion system, some
level of posttranslational modification, culture me-
dium is inexpensive

Easy to grow up to 400 liters, easy to manipulate
genetically for baculovirus, can grow in the same-
style tanks as mammalian cells

Authentic protein expression and proper
posttranslational processing and assembly for

therapeutic proteins and other mammalian proteins

of interest, extensively used, reasonable expression

Inclusion bodies, no secretion into media, lack of
posttranslational process

Overglycosylation at N-linked sites, cell difficult to
break, expression level limited

Royalties can be expensive, potential for
overglycosylation, cell difficult to break

No good commercial vectors are available, longer
culture time, spores are concerns for health
problems, not well documented for production of
therapeutic proteins

Relatively low expression, serum-free medium
is expensive, royalties for the commercially
available systems can be costly, few contractors
have current Good Manufacturing Practice
experience

Medium is expensive, special tank, require COg,
potential risk of human virus in culture, longer
expression time

level, endotoxin is not a concemn

11.2. S. CEREVISIAE FOR HETEROLOGOUS
PROTEIN EXPRESSION

S. cerevisiae, a unicellular yeast, is one of the most studied
eukaryotic microorganisms. Its genetics, physiology, bio-
chemistry, metabolism, and fermentation are well researched
and a wealth of information is readily available. Thousands
of genes from S. cerevisiae have been characterized (43) and
its genome sequence has been determined (33). S. cerevisiae
has been extensively used as a host for heterologous gene
expression of eukaryotic proteins for research and industrial
applications (44, 110).

S. cerevisiae is a GRAS organism and has been used for
centuries in the brewing and baking industries. Similar to
E. coli, S. cerevisiae requires simple culture media for growth
and is easily scaled up for large-volume fermentations. On
the other hand, unlike E. coli, S. cerevisiae is capable of
accomplishing many posttranslational modifications, such
as proteolytic processing, disulfide bond formation, glyco-
sylation, and other posttranscriptional and translational
processing unique to eukaryotic organisms. Many vector
systems containing a variety of promoters and auxotrophic
or dominant selectable markers have been developed, al-
lowing constitutive or regulated gene expression. Several
methods for transformation of foreign DNA into S. cerevisiae
with high efficiency have also been developed (31, 85). As
aresult, S. cerevisiae is one of the most widely used microbial
hosts for heterologous gene expression. However, there are
limitations to using S. cerevisiae for heterologous gene expres-
sion; for example, the specific rate of production can vary
from protein to protein, ranging from as low as 0.03 g/kg/h
to as high as 4.5 g/kgth (44). The use of episomal vector sys-
tems for heterologous protein expression in S. cerevisiae often
results in plasmid instability during fermentation, which may
lead to a lower growth rate and reduced overall protein yield.
Furthermore, since many proteins of therapeutic interest are

secreted glycoproteins, the tendency of S. cerevisiae to hyper-
glycosylate proteins not only reduces the efficiency of protein
secretion but also may lead to undesired changes in the im-
munogenic properties or biological activities of the expressed

proteins (23, 39, 40, 44, 84).

11.2.1. Vectors

S. cerevisiae expression vectors usually are shuttle plasmids
that contain sequences for propagation and selection in
both S. cerevisiae and E. coli. Two types of vectors have been
described based on their mode of replication: episomal and
integrating vectors (Table 2) (16, 18, 27, 45, 73, 86, 108,
109, 111, 138). Episomal vectors can be characterized ac-
cording to their copy rtumbers, mode of replication, and sta-
bility. There are three major types of episomal vectors: YRp,
YCp, and YEp. YRp-type vectors contain an autonomous
replication sequence from the S. cereviside genome and have

an average copy number of 1 to 10 per cell, even though'

higher copy numbers (up to 100 copies per cell) have been
reported (44). These vectors are unstable, and plasmid
loss rates can be as high as 10% per generation (44). This
instability greatly limits their use in large-scale fermenta-
tion processes. YCp-type vectors are derived from the in-
corporation of S. cerevisiae centromeres into YRp plasmids
and have improved plasmid stability. However, YCp-type
vectors have lower copy numbers, typically at 1 to 2 copies
per cell. The most commonly used episomal vectors are of
the YEp type derived from the naturally occurring plasmid
called 2p circle in S. cerevisiae. These vectors are present at
an average of 40 copies per cell and exhibit higher stabil-
ity than the YRp and YCp vectors (5, 16). Consequently,
YEp vectors are the best-developed vectors for heterologous
gene expression in S. cerevisiae. These vectors are especially
useful for controlled expression of toxic proteins. More than
80 compact expression vectors have been developed based
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TABLE 2 Vector systems used for heterologous protein
expression in S. cerevisiae

Copy number

Vector per cell * Reference
Episomal
YEp: 2p.-based 25-200 27
YCp: centromere 1-2 18
YRp: replicating 1-20 86
Regulated copy number 3-100 16
Integrating
Yip >1 45
tDNA-integrating 100-200 73
Tyd <20 111
Transplacement 1 109

on the pRS series of centromeric and 2p plasmids (26). The
GATEWAY vectors {(Invitrogen Life Technologies, Carls-
bad, CA) incorporated some of these features into their sys-
tems in order to provide fast cloning and transfer of genes to
different vectors for heterologous expression in most strains
of S. cerevisiae. Other 2p-based expression vectors available
from commercial sources include YEpFLAG-1 from Sigma
(St. Louis, MO), YES vectors from Invitrogen, and pESC
vectors from Stratagene (La Jolla, CA).

Integrative vectors contain selectable S. cerevisiae genes
and lack sequences for autonomous replication. These vec-
tors are highly stable but usually present at low copy numbers.
They include the Yip-type vectors, and their integration
can be directed by homologous recombination between
sequences carried on the plasmid and its homologous coun-
terpart in the S. cerevisige genome. Some integration vector
systems use repetitive elements such as delta sequences, Ty
elements, or tRNA genes for heterologous gene integration
(119). A system for multiple-site integration of a heterolo-
gous gene into the ribosomal DNA (rDNA) 9.1-kb segment
has also been developed (73). Stability of the genome-
integrated expression cassette can be maintained under selec-
tion. However, a decrease of copy numbers of the integrated
expression cassette was observed under nonselective culture

conditions (44).

11.2.2. Promoters

An array of S. cerevisiae promoters has been used for heter-
ologous gene expression. There are constitutive promoters
derived from genes such as CYCI (cytochrome C oxi-
dase), TEF2 (translation elongation factor), and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), as well as
regulated promoters such as GALI (galactokinase/galactose
epimerase 1), ADH2 (alcohol dehydrogenase 2), CUPI
(metallothionein), and PHOS5 (acid phosphatase) (6, 10,
15, 46, 51, 55, 56, 58, 65, 66, 80, 97, 98, 124). It is often
advantageous for improving expression titer to couple the
protein production phase with cell growth phases if there is
no toxicity issue for the protein of interest. Some inducible
promoter systems that work well at the shake flask scale,
such as temperature-regulated promoters, do not always
function well in large-scale fermentation due to operational
restraints (44). Hybrid promoters such as GAP/GAL and
GALIO/CYC! have also been reported (6). Several reviews
on promoters and their applications in S. cerevisiae are
available (108, 128, 138).
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11.2.3. Transcriptional and Translational Regulation

In order to fully utilize the transcriptional, translational,
and posttranslational regulatory machinery and to get effi-
cient heterologous gene expression in S. cerevisiae, it is very
important to match the expressed protein with the proper
expression vector system. There have been many studies
and extensive reviews on these aspects (22, 44, 82, 123).
Generally, the use of strong promoters and robust transctip-

11. Protein Expression in Yeasts and Fungi

" tional terminators of S. cerevisiae is essential for maximal

expression since most prokaryotic or higher eukaryotic
transcription terminators are not active in S. cerevisiae.
More importantly, mRNA levels are controlled by the rate
of transcription initiation and the transcript turnover rate
(mRNA stability). In addition to upstream regulatory ele-
ments, downstream activation sequences are also required for
maximum transcription initiation in S. cerevisiae (123). Ex-
pression levels of some foreign genes with high AT content
(>60%) in S. cerevisiae can be low or absent due to incom-
plete transcript elongation (108). Transcript-destabilizing
sequence elements have been reported in the 5 nontrans-
lated regions, coding regions, and 3’ nontranslated regions
of different mRNAs (22). Therefore, if the titer is low due
to the instability of mRNA, it may be necessary to use a
stronger promoter, to delete the transcript-destabilizing
sequence elements, and to introduce alternative codons. It
has been shown that secondary structure of mRNA is one
of the most important factors affecting the rate of initiation
and translational elongation (123). For secreted proteins,
posttranslational processes such as proteolytic cleavage,
N-terminal modification, and glycosylation are critical
to both proper protein folding and high protein yields.
Consequently, it is worthwhile to evaluate the effect of the
posttranslational steps when strong promoters and different
strains fail to produce desired product yields.

S. cerevisiae has been used for expression of many eu-
karyotic proteins in both intracellular and secreted forms.
For production of secreted proteins, secretion signals can
come either from native protein signal sequences or from
S. cerevisiae secretion protein signal sequences. Due to the
limited studies available in the literature on the effects of
different signal peptides on the yield of heterologous pro-
tein expression in S. cerevisiae (120), it is a good starting
point to include the signal sequence of the foreign protein
in the initial test of expression cassettes. Alternatively,
S. cerevisiae signal sequences from invertase (SUCZ, 19
amino acids), acid phosphatase (PHOS5, 17 amino acids),
and the most widely used a-factor pheromone (MFal, 20
amino acids) can be incorporated into the recombinant
construct(s).

An important step among posttranslational modifica-
tion processes is glycosylation. Heterologous glycoproteins
expressed in S. cerevisiae are glycosylated at both N-linked
and O-linked sites (64). Little is known about O-linked
glycosylation, but more information is available on the pro-
cess of N glycosylation. In S. cerevisiae, a core sugar moiety
consisting of two N-acetylglucosamines (GlcNAc), nine
mannoses, and three glucoses is added to the N-amide of
asparagine at the Asn-X-Ser/Thr sequence in the endoplas-
mic reticulum (ER) in the early process of N glycosylation
(67). Three glucose residues and one mannose residue are
subsequently removed in the early Golgi apparatus. It is
in the Golgi apparatus where further modification takes
place that results in major differences between S. cerevi-
size and higher eukaryotes in oligosaccharide structures.
In higher eukaryotes, additional mannose residues are
removed and several other sugars such as galactose, sialic
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acid, and fucose are added (39, 40). S. cerevisize maintains
the core mannose scaffold and is often extended with a
large number of additional mannose residues. This often
results in a hyperglycosylated outer chain containing more
than 50 mannose residues with many branch chains. Many
examples of hyperglycosylation of heterologous proteins in
S. cerevisiae have been reported (23, 68, 84). Since specific
glycosylation patterns are important for the immune re-
sponse in mammalian systems, wild-type S. cerevisiae is not
a good system for the production of therapeutic proteins
such as monoclonal antibodies that have complex sugar
structures.

11.2.4. Industrial Protein Production in

S. cerevisiae

Many heterologous proteins have been produced in S.
cerevisize and large-scale fermentation processes have been
developed (43, 108). Nevertheless, most heterologous
protein production in S. cerevisize remains in shake flask
cell cultures. The first therapeutic recombinant protein
expressed in S. cerevisize was human alpha interferon (47).
Since then, many other therapeutic proteins have been
expressed in S. cerevisiae. These include the hepatitis B sur-
face antigen (126), human insulin (122), the human papil-
lomavirus (HPV) vaccine Gardasil™ (93, 135), and many
others. In the case of Gardasil, the four vaccine components
were expressed in S. cerevisiae, which were transformed by
pGAL110-based yeast expression vectors, each containing
the gene of interest coding for HPV L1 types 6, 11, 16,
or 18 (75, 104). An excellent review by Vasavada (128)
details a comprehensive list of foreign proteins expressed
_ in S. cerevisige at small and large industrial scale. Various
strategies have been reported to improve the expression
levels of different heterologous proteins in S. cerevisiae, such
as screening of various host strains with different expression
vectors, altering host genetics by molecular engineering,
and optimization of fermentation conditions (83, 115, 128).
Since there are no defined conditions that can be used for
all protein production, it is a general rule of thumb to exam-
ine different parameters to develop an optimized process for
heterologous protein expression in S. cerevisiae.

11.3. P. PASTORIS FOR HETEROLOGOUS
PROTEIN EXPRESSION

Pichia expression systems have been widely used for ex-
pression of heterologous proteins from a diverse array of
organisms, including bacteria, fungi, protists, plants, inver-
tebrates, nonhuman vertebrates, and humans (72). Similar
to S. cerevisiae, protein expression systems in Pichia have the
advantages of well-established, cost-effective fermentation
technology and comprehensive understanding of the host
molecular genetics. P. pastoris is a methylotrophic yeast
and has strong preference for respiratory growth (72). Cell
cultures can reach extremely high density, with dry weight
mass reaching as high as 100 g/liter (44). Most of the Pichia-
based protein expression systems use a tightly controlled
and highly inducible promoter derived from the alcohol
oxidase 1 gene (AOXI). Under methanol-induced condi-
tions, a single protein such as alcohol oxidase can reach
as high as 30% of the total cell proteins (44, 72). Similar
methods used for the molecular genetic manipulation for
S. cerevisiae can be applied to P. pastoris. Extensive studies
have been published on the use of Pichia systems in heterol-
ogous protein expression. A recent review article by Cregg
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et al. (14, 20) listed 241 individual studies of heterologous
proteins expressed in P. pastoris, more than 80 of which were
human proteins. Expression levels for heterologous proteins
differ greatly, ranging from microgram-per-liter to gram-
per-liter levels. For example, a hydroxynitrile lyase from a
tropical rubber plant (Hevea brasiliensis) was expressed at
levels as high as 22 gfliter (42). There are numerous reports
on heterologous protein expression in P. pastoris {9, 91, 94,
107, 113, 114, 130, 138).

11.3.1. Expression Vectors and Host Strains

A fully developed P. pastoris expression system is com-
mercially available (Invitrogen). The Pichia vectors can
be grouped into two categories based on their promoters
used: (i) inducible promoters derived from the AOXI
gene or the formaldehyde dehydrogenase gene (FLDI)
(117), and (ii) a strong constitutive promoter derived
from the P. pastoris glyceraldehyde-3-phosphate dehy-
drogenase gene (PGAP). The methanol-inducible AOX1
promoter provides tighter control of gene expression. The
FLDI promoter can be induced by either methanol as the
sole carbon source or certain methylated amines such as
methylamine as the sole nitrogen source. Alternatively,
the constitutive GAP promoter does not require cultures
to be shifted from one carbon source to another for the
induction of heterologous gene expression. However, if
the foreign proteins to be expressed are toxic to the host
cells, constitutive expression of the enzyme or proteins
may cause inhibition of cell growth or result in loss of the
expression vector from the cell.

There are no stable episomal expression vectors avail-
able in P. pastoris, and the expression genes need to be
integrated into the genome to obtain stable expression
strains. The simplest way of integration is single crossover
homologous recombination by digesting the vector at a
unique site with a restriction enzyme within either the
marker gene (e.g., HIS4) or the promoter sequences (e.g.,
AOX1) (117). In the case of HIS4 as the selectable marker,
transformants of auxotrophic mutant strain (HIS4) can
be selected for His* cell growth. Alternatively, expression
strains can be generated with AOX1 flanking sequences at

. both the 5’ and 3’ terminals by cutting the vector in the

AOXI sequence region. The flanking AOXI sequences
at both ends can stimulate gene replacement events at
the AOXI site in the Pichia genome, and this can result
in a gene replacement integration. Heterologous proteins
expressed in P. pastoris can be retained inside cells (intra-
cellular expression) or secreted into medium depending on
signal sequences in the expression vector systems. Com-
mercial vectors for secreted protein expression often carry a
leader sequence from MFa1 (mating factor) of S. cerevisiae
as a secretion signal (117). Other leader sequences, such
as the alkaline phosphatase (PHO) signal sequence from
P. pastoris and some native protein leader sequences, have
also been used for secretion of foreign proteins in Pichia
(79). To facilitate protein detection and purification, most
vectors have 6x His or c-myc tag sequences fused at the
C-terminal or N-terminal end.

A variety of selection markers are available for Pichia
protein expression. Some can be used for selecting multi-
copy gene integration, such as the drug resistance markers
zeocin and blasticidin, while others provide auxotrophic
selection such as his4™ mutant strains. Commercially avail-
able Pichia host strains for protein expression include X-33,
GS115, SMD1168, and KM71. Additional host strains for
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P. pastoris heterologous protein expression are reviewed by
Cregg et al. (20).

11.3.2. Protein Folding and Glycosylation in
P. pastoris

P. pastoris, similar to S. cerevisiae and other fungi species,
can perform protein posttranslational modifications, such
as cleavage of signal sequences for secreted proteins, N- and
O-linked glycosylation, and formation of disulfide bonds
(71, 72). It has been well documented that overexpression
of heterologous proteins in P. pastoris can have a deleterious
effect on its secretion pathway. Protein folding in the ER
and Golgi is often the rate-limiting step for heterologous
protein expression. Overloading the secretion pathway can
lead to accumulation of partial or misfolded heterologous
proteins in cells. Existence of high levels of unfolded or mis-
folded proteins in cells may induce a stress reaction termed
the “unfolded protein response” (UPR), which triggers the
expression of folding chaperones and enzymes in addition
to other physiological responses. Both heat shock protein
70-type chaperone (BiP) and a protein disulfide isomerase
(Pdil) were reported to be induced when cells face UPR in
Pichia (44, 72). BiP and Pdil showed synergistic effects on
improving secretory capacity (136).

Glycosylation is one of the most important posttrans-
lational modifications for heterologous protein expression,
since it not only affects proper folding and secretion of the
protein but also has a direct impact on the biological activi-
ties of proteins. Both N- and O-linked glycosylation have
been reported using Pichia systems for heterologous protein
expression (20). The consensus sequence for N-linked
glycosylation in Pichia is the same as that in S. cerevisiae
(Asn-X-Thr/Ser), in which Ser or Thr provides a hydroxyl
group for glycosylation. Similar to S. cerevisiae and other
fungal organisms, Pichia transfers a lipid-linked oligosac-
charide unit, GlcsMangGleNAcy, to an amino acid (Ash)
in the ER. This oligosaccharide core is further modified in
the Golgi. Unlike hyperglycosylation (>50 Man) occurring
in S. cerevisiae, the most commonly found N glycosylation
structure in P. pastoris is Man14GlcNAc;. There has been
no a-1,3-mannosyltransferase activity detected in P. pas-
toris; only a-1,6 and a-1,2 linkages were found in glycosyl-
ated proteins in Pichia (11). The O-linked oligosaccharides
in Pichia are also reported, but a consensus sequence for
O-linked glycosylation is not available. The O-linked oli-
gosaccharides in P. pastoris are generally short (<5 residues)
and contain only a-1,2-linked mannose units. Phosphoryla-
tion of oligosaccharide units has been found in P. pastoris
expression systems, but the exact sites of phosphate link-
age on saccharides are unknown (72). In order to produce
antibodies for therapeutic use, extensive glycoengineering
efforts have been carried out to make humanlike glycoforms
in Pichia (39, 40). Fully humanized sialylated antibody was
produced successfully in a humanized Pichia strain (39). It
is noteworthy that unlike antibodies produced in mamma-
lian cells, antibodies produced in humanized Pichia do not
contain fucose in the core carbohydrate structures and the
afucosylated antibodies showed increased binding affinity
to Fcy receptor 1A, which in turn results in higher anti-
body-dependent cellular cytotoxicity (70).

11.3.3. Heterologous Protein Production in Pichia
Expression levels of heterologous proteins in P. pastoris vary
greatly depending on copy numbers of the foreign gene
integrated and the stability of both mRNA and protein.
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Since expression levels are correlated with gene copy
number, it is important to achieve high copy numbers of
gene integration. To obtain multiple copies of the target
gene integrated in Pichia, one can screen large numbers
of transformants in a 96-well plate format, applying high
concentrations of the selection agents (e.g., zeocin and blas-
ticidin), or construct multiple copies of the gene in tandem
repeats in vitro.

In addition to the high-copy-number transformants,
optimization of the expression process is vital to achieve
high-level expression of heterologous proteins in Pichia.
Although some proteins can be expressed well in flask
cultures, it is common that expression levels are greatly en-
hanced in a controlled environment. Cultures in fermentor
vessels offer several advantages over flask cultures, such as
control of pH and dissolved oxygen levels, and continuous
feeding of carbon and other components during cell growth
and protein expression (49, 72). Since P. pastoris cells have
a preference for respiratory growth, cultures can be grown to
extremely high cell densities (up to 500 absorbance units at
600 nm) (20, 21). This is particularly important for secreted
proteins since the concentration of the expressed proteins is
often proportional to the concentration of cells in culture.
Common defined media for P. pastoris protein expression
are composed of glucose and glycerol as the carbon source
and Casamino Acids andfor ammonium salts as the nitro-
gen source in addition to biotin and trace elements. The
Pichia fermentation for heterologous protein expression
can be separated into two phases. The first phase is that of
growth using glycerol as a carbon soutce, and at this stage
the AOX1 promoter is fully repressed. After depletion of
glycerol, a transitional phase may be added to feed more
glycerol at a growth-limiting rate. The second phase of
feeding methanol starts induction of the AOXI promoter
and heterologous gene expression. Detailed protocols for
fermentation of P. pastoris can be found in various articles
(30, 50, 72, 90, 96).

Similar to other heterologous protein expression sys-
tems, proteolytic hydrolysis often causes instability of
foreign proteins in Pichia. In addition to use of proteinase-
deficient strains, several fermentation strategies can be
applied to control proteolysis of foreign proteins. Some
common approaches that have been used successfully to
reduce hydrolysis of heterologous proteins in Pichia include
(i) adding amino acid-rich supplements such as peptone or
Casamino Acids; (ii) culturing at more acidic pH values
(Pichia cultures grow well between pH 3 and 7); (iii) using
a protease (PEP4, vacuolar protease gene)-deficient strain;
and (iv) controlling culture temperature (44, 72). Another
limitation of heterologous protein expression in Pichia is
inefficient secretion of some mammalian proteins. In these
cases, alternative protein secretion sequences can be tested
first, followed by the consideration of more extensive mo-
lecular engineering approaches to improve protein chaper-
one and folding machinery.

11.4. HETEROLOGOUS PROTEIN
EXPRESSION IN FILAMENTOUS FUNGI

Filamentous fungi, most notably Aspergillus species, can
produce high levels of proteins and are capable of secreting
proteins into the media. Many industrial enzymes, such as
amylase, invertase, pectinase, and cellulases, that are used
widely in the food industry for production of high-fructose
com syrup, fruit juice, and wine are produced in Aspergillus
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species. The most well-known species for producing com-
mercial enzymes include A. oryzae and A. niger; both have
been given GRAS status by the U.S. FDA (116) for produc-
tion of enzymes and proteins (35). The GRAS status makes
them more attractive for use in the production of enzymes
and proteins for the food industry and for pharmaceutical
products such as therapeutic proteins and antibodies (29,
131). However, in comparison with S. cerevisicze and P.
pastoris, filamentous fungi are less studied for heterologous
protein production with respect to their transcription and
translation control, mRNA stability, glycosylation, and
regulation of protein secretion. With growing demand for
the production of therapeutic proteins including antibodies,
there is renewed interest in developing cost-effective fungal
expression systems including yeast and Aspergillus species
for heterologous protein production. In recent years, many
advances have been made in the use of filamentous fungi for
protein production (74, 87, 129).

11.4.1. Host Strains and Selection Markers for
Transformation

Unlike Pichia and Saccharomyces, there are no commercially
available protein expression systems for Aspergillus. How-
ever, there are several Web-accessible organizations such as
the ATCC (American Type Culture Collection), the FGSC
(Fungal Genetics Stock Center), the NRRL (Agricultural
Research Service Culture Collection), and the BCCP (Bel-
gium Culture Collection) from which the necessary tools
for heterologous protein expression in filamentous fungi
can be obtained.

For heterologous protein expression in Aspergillus spe-
cies, the first step is to select a suitable host strain. The
expression host must be either auxotrophic or antibiotic
susceptible so that it can be used for efficient transforma-
tion and selection of transformants. The most genetically
accessible strain is A. nidulans, but A. niger, A. awamori,
and A. oryzae are more extensively used because of their
capacity for high-level expression of commercial enzymes.
A. niger can efficiently secrete many enzymes including
food-related enzymes. A. oryzae has become more amenable
to molecular analysis, and current research is focused on the
identification of strong promoters to improve expression of
industrially valuable enzymes. Due to the limited number of
studies on Aspergillus strains and patent restrictions on the

Case No.: IPR2023-00321
U.S. Patent No. 10,689,656

use of some strains and markers, more studies are warranted
to fully utilize the potential of Aspergillus host strains for
heterologous gene expression.

Transformation of host strains can result in chromo-
somal integration of plasmids, either through a random
mechanism or through site-directed integration. Markers
commonly used for transformation of auxotrophic strains
are listed in Table 3 (7, 13, 59, 81, 100-102, 125, 137, 138).
The pyrG gene (uracil/uridine auxotrophs) from A. niger
is a common marker found in many plasmid vectors. The
A. nidulans argB gene is also used extensively for efficient
transformation of suitable auxotrophic host strains. For ex-
ample, Buxton et al. (13) described the complementation
of an auxotrophic A. niger strain with the A. nidulans argB
gene. More recently, there was a report on the complete dis-
ruption of the argB gene on chromosome I in A. niger (69).
The A. niger argB deletion strain can be complemented by
the argB genes from both A. niger and A. nidulans and can
serve as a useful host strain for heterologous protein expres-
sion in A. niger.

Although plasmids can be readily integrated into the
chromosome (stable and multicopy integration) during
transformation of Aspergillus species, it is desirable to have
a replicative plasmid for heterologous protein expression
in filamentous fungi. Sequences have been isolated that
allow one to perform replicative transformation in A.
nidulans (2). Initial work with linear plasmids contain-
ing human telomeric elements was encouraging, but later
these were shown to be unstable (3). To date, a synthetic
Aspergillus replicative plasmid of wide utility is not yet
available (74).

11.4.2. Expression Vectors and Promoters

Promoters commonly used for heterologous protein ex-
pression in Aspergillus species are listed in Table 4 (17,
25, 35, 38, 61, 99, 103). Constitutive promoters include
the trpC and the gpdA promoters from A. nidulans.
Other frequently used promoters are the starch-inducible
promoters, a-amylase and the glucoamylase promoters
from A. oryzae and A. niger. The glucoamylase promoter
responds to maltose as a carbon source and is repressed

* by glucose. More recently the TEFI-a promoter of A.

oryzae has been studied for use as a strong constitutive
promoter (61).

TABLE 3 Selectable markers used for heterologous gene expression in Aspergillus species

Gene markers Enzyme Cellular function Gene host Reference
Auxotrophic
argB Ornithine carbamoyltransferase Aurginine biosynthesis A. nidulans 13
pyrd Orotidine 5'-phosphate decarboxylase Uracil biosynthesis Neurospora crassa 7
pyG Orotidine 5’-phosphate decarboxylase Uracil biosynthesis A. niger 81 -
apC Phosphoribosylanthranilate isomerase Tryptophan biosynthesis A. nidulans 137
amdS Acetamidase Acetamide or acrylamide A. nidulans 59
assimilation, N; source
niaD Nitrate reductase Nitrate assimilation, Ny A. niger 125
source
Dominant
hph (HmB") Hygromycin B phosphotransferase E. coli 100
phleo E. coli transposon Tn5 phleo* DNA 102
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TABLE 4 Promoters used in heterologous gene expression in Aspergillus species

Gene Enzyme Species Reference(s)

Strong inducible

alcA Alcohol dehydrogenase 1 (ADH1) (ethanol inducible) A. nidulans 25

a-Amylase Starch inducible A. oryzae 17

glaA Glucoamylase (starch and maltose inducible) A. nidulans 36
Constitutive

gbdA Glyceraldehyde-3-phosphate dehydrogenase A. nidulans 99,103

pC Phosphoribosylanthranilate isomerase A. nidulans 38

TEFl-a Translation elongation factor 1-a A. oryzae 61

Another suitable promoter for the expression of het-
erologous proteins in filamentous fungi is the ethanol-
regulated promoter alcA for alcohol dehydrogenase from
A. nidulans. Genes for ethanol utilization in A. nidulans
are efficiently transcribed. The alcA promoter is tightly
regulated through alcR, a trans-activating gene, and is sub-
ject to repression by the major carbon catabolite repressor
CreA (25). In a recent report, expression of antisense creA
in A. nidulans increased levels of expression for glucose-
repressible enzymes in the presence of glucose (8). The
derepression effect by the creA antisense DNA did not
alter cell morphology and growth parameters, as observed
in a creA null mutant. The alcR-alcA regulatory system
from A. nidulans has been transformed into A. niger,
which does not possess an inducible alc system (88). The
alcR-alcA-transformed strain of A. niger showed similar
levels of heterologous expression of the reporter enzyme
B-glucuronidase, as in A. nidulans.

Ishida et al. (52) reported that the tyrosinase gene pro-
moter (melO) was four times stronger for the heterologous
expression of B-glucuronidase from E. coli in a submerged
culture as compared with other gene promoters, such as
amyB, glaA, and agdA, previously used for heterologous gene
expression in A. oryzae. The melO promoter was used to
produce the glaB-type glucoamylase in a submerged culture
of A. oryzae and achieved maximum yield of 3.3 g/liter and
99% purity. This work establishes the melO promoter for
high-level expression and high-purity production of heter-
ologous proteins in A. oryzae.

11.4.3. Posttranslational Regulations

Large numbers of mammalian enzymes and proteins have
been expressed through genetic engineering; however, se-
cretion of heterologous proteins is often much less efficient
than the secretion of native fungal proteins. During the
last 10 years, the production levels of heterologous proteins
in Aspergillus have been improved by fusing the protein of
interest to the 3’ end of a highly expressed gene encoding a
protein that is efficiently secreted from the host. The gene
fusion or carrier protein strategy has been used with the
glucoamylase gene from A. niger or A. awamori. Increases
of 5- to 1,000-fold in protein production levels have been
observed (87). Gouka et al. (36) extensively reviewed
the production levels of different proteins fused to the
glucoamylase carrier gene. They also performed detailed
experiments on the production levels of various proteins
with carrier fusions to the glucoamylase protein in isogenic,
single-copy strains of A. awamori. The glucoamylase gene

can be divided into three distinct domains: the catalytic
N-terminal domain, the C-terminal starch-binding do-
main, and a flexible linker region that separates the two
domains. The C-terminal starch-binding domain can be
replaced by a heterologous protein. The glucoamylase
carrier proteins are believed to improve translocation in
the ER, to enhance proper protein folding, and possibly
to afford protection against proteolysis. In the secretory
pathway, the carrier protein can be cleaved by a KEX2-like
protease at a specific proteolytic cleavage site separating
the glucoamylase carrier and the protein of interest. The
amino acid sequence (NVISKR) of the cleavage site is
derived from the propeptide of glucoamylase. The carrier
approach appears to be the first choice in attempts to
produce secreted proteins in Aspergillus species. There are
many reports on the use of carriers for heterologous protein
secretion. A recent study reported a successful secretion of
laccase (lacl) (an industrially useful enzyme for the oxida-
tion of p-diphenols) from Pycnoporus cinnabarinus that used
either the native laccase signal sequence or the A. niger
glucoamylase pre-pro-sequence as a carrier for the heter-
ologous enzyme expression in A. niger (106). The fusion
of the glucoamylase pre-pro-sequence increased expression
levels 80-fold in comparison to the levels observed with
the laccase signal peptide sequence. Another advantage
of using the glucoamylase pre-pro-sequence as a carrier for
laccase in A. niger is the production of the 70-kDa protein,
which is similar to the molecular mass of the native protein
(106). However, it was reported that laccase expressed in
P. pastoris had an estimated 110-kDa molecular mass due
to hyperglycosylation in the yeast (76, 77, 106). Human
interleukin-6 (IL-6) secretion was also improved using the
native glucoamylase as a carrier when expressed in A. niger
(74). It has been reported (4) that the UPR, i.e., the de-
liberate upregulation of “foldases” and chaperones, can also
improve the secretion of heterologous proteins.

Efficient heterologous protein production in fungi can-
not always be achieved by alleviating the limitations of
transcription. Posttranslational regulations such as glyco-
sylation, protein folding, and secretion often pose chal-
lenges for successful expression of heterologous proteins in
Aspergillus species. Another major limiting factor in protein
production in filamentous fungi is proteolytic degradation
by high levels of intracellular and extracellular proteases. A.
niger has four predominant extracellular proteases, two as-
partyl proteases (PEPA and PEPB) and two serine carboxy-
peptidases (PEPF and PEPG). In A. nidulans, neutral and
alkaline proteases often are the dominant ones affecting the
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yields of heterologous proteins. Efforts to eliminate specific
protease activities through mutagenesis or gene disruption
have improved protein production levels. Van den Hom-
bergh et al. (127) reviewed fungal proteases and described
the development of a set of tester strains of A. niger that
may be used to identify the appropriate genetic background
for a particular protein.

Posttranslational modifications such as N glycosylation
are particularly important for many pharmaceutically rel-
evant proteins because of their impact on biological activi-
ties (19). High mannose-type glycosylation is observed in
filamentous fungi, but it is much less extensive than that
seen in proteins produced in Saccharomyces and Pichia
species. Maras et al. (78) have nicely reviewed the fungal
glycosylation pathway and approaches and compared the
carbohydrate structures with proteins produced in mam-
malian cells.

Successful expression of Drosophila melanogaster xanthine
dehydrogenase in A. nidulans is a recent example of proper
posttranslational modification of a heterologous enzyme in
filamentous fungi (1). In comparison to the baculovirus ex-
pression system, which produced only about 10% of active
xanthine dehydrogenase enzyme due to incomplete incor-
poration of the cofactor molybdenum and two iron-sulfur
clusters, A. nidulans produced 40% of active enzyme with
relatively more complete cofactor incorporation.

11.4.4. Scale-Up of Fermentation and Protein
Production in Aspergillus

In addition to the molecular genetic approaches, a com-
bination of host strain selection, strain development,
and production process development including media
optimization have resulted in commercially attractive
protein yields in Aspergillus protein expression systems
(101). For example, IL-6 gene carrier fusion in A. nidulans
in combination with host strain development and growth
optimization resulted in a 200-fold increase in production
of active IL-6 (101). A combination of gene dosage and
growth condition optimization for the improvement of
protein expression in A. oryzae resulted in a high produc-
tion titer of phospholipase A; (PLAL) at the industrial
scale (118). Transformants with 15 to 20 copies of the
PLAI gene were integrated in the chromosome of A.
oryzae and produced 60- to 7,500-fold higher activity than
the native expression level. In addition, improvement
of the mycelial morphology from a pellet form to a fila-
mentous form improved production of PLA1 in scaled-up
fermentations and resulted in production of PLA1 at 1.8
g/liter consistently. This is consistent with the observation
that improvements in oxygen transfer and broth rheology
obtained with the pellet form of growth often resulted in
increased protein production.

It has been recognized that fungal morphology plays
an important role in determining process productivity in
mycelial fermentations. This has led to investigations into
alternative ways to conduct fermentations to optimize
production yields. Papagianni et al. investigated the effect
of cell immobilization on protein production and secretion
(92). They reported on cells of A. niger that were immobi-
lized by attachment to metal surfaces or by spore entrap-
ment, and subsequently grown on Celite beads. They noted
that cell attachment on metal surfaces decreased secretion
of proteases and increased glucoamylase production. It
was observed that growth on Celite beads in shake flasks
reduced the secreted proteases by half and almost doubled
the specific activity of glucoamylase. In bioreactor cultures,
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conditions can be better controlled than in flask culture
and effects of culture conditions on protein yields are much
greater.

11.5. FUTURE PROSPECTS

The demand for production of a variety of proteins and
enzymes in heterologous hosts for research and industrial
applications is growing continuously. It is of great interest to
develop and optimize diverse host systems for heterologous
protein expression to meet the growing demand. Fungal
expression systems offer many advantages over other expres-
sion systems and have been widely used for production of
heterologous proteins from many organisms. Discovery of
new promoters and development of new vectors will provide
more choices for different protein expression needs. Greater
understanding of transcriptional control, mRNA stability,
glycosylation, protein folding, and other posttranslational
processes will allow us to overcome the difficulties associ-
ated with heterologous protein expression in fungi, such as
hyperglycosylation in yeasts and poor secretion associated
with some mammalian proteins. It has been documented
that the use of protease-deficient strains can increase the
yield of recombinant protein production (28, 95) and that
the use of specific mutants may eliminate hyperglycosylation
problems with some proteins expressed in Saccharomyces
(115). The exponential increase in fungal genomics and pro-
teomics in recent years will no doubt fuel the advancement
of filamentous fungi as heterologous protein expression hosts
(74). Collectively, fungal protein expression systems have
been and will continue to serve as a choice for heterologous
protein production in small or large quantities.

We want to express our gratitude to Prakash Masurekar and Arnold
Demain for spending time editing and reviewing this article.
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Research Article

\ Identification of Mxr|p-binding sites in the promoters
of genes encoding dihydroxyacetone synthase
and peroxin 8 of the methylotrophic yeast Pichia

| pastoris
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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 (PEXS), since methanol-inducible
expression of these genes is abrogated in mxrl-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.
Received: 23 November 2009
Accepted: 28 January 2010

Keywords: Pichia pastoris; Mxrlp; methanol metabolism; alcohol oxidase; dihy-
droxyacetone synthase; peroxin 8

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

Methanol expression regulator 1 (Mxrlp) is a and Adrlp may bind similar DNA sequences

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 er al., 2006). Mxrlp

Copyright © 2010 John Wiley & Sons, Ltd.

AR

(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 er 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 er 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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DHAS-1F N
-980 EGTTGATAAGACGCATTC 'IXGAGTTGI’ITCATGAAAGGGTIACGGG'IGTTGATTGGTTTGAGAIATGCCAGAGGACAGATCAATCTGTGGTTTGCTAAAC
ACAACTAT TCTGCGTAAGAICTCAACAAAGTACITTCCCAATGCCCACAACTAACCAAACTCTATACGGTCTCCI GTCTAGTTAGACACCAAACGATTIG

P

‘ -880 TGGAAGTCTGGTAAGGACTCTAGCAAGICCGT TAC'ICAAAAAG‘ICA'IACCAAGIAAGAIIACGIAACACCIGGGCATGACITTCTAAGTTAGCAAGICAC
| ‘ ACCTTCAGACCATTCCTGAGATCGTTCAGGCAATGAGTTTTTCAGTATGGTTCATT CTAATGCATTGTGGACCCGTACTGAAAGATTCAATCGITCAGIG
‘ DHAS-2F DHAS2a (-699 :oTSEOT
| -780 CAAGAGGGICC‘IATITAACGTITGGCGG'IA'ICTGAAACACAAGAC‘ITGCCIA‘ICCCATAGTACM‘CAIAT‘IACCIGIchcacgcta%acaqaaa
GTTCICC CAGGA_T.AAAITGCAAAC CGCCATAGACTTIGTGTTCTGAACGGATAGGGTATCATGTAGTATAATGGACAGTTCgatacgatggggtgtertt

T 7 DHAS-IK DHAS2c (-642 to-623) DHAS2d (-599 to -580)
-680 taccccaaaagttgAAGTGAAAAAATGARAATTACIGGtaacttcaccccataacaa TTAATAATTTCTGTAGCCAATGaaagtaaaccccattcaat

atggggttttcaacTTCACTTTTTTACTTTTAATGACCattgaagtggggrattgee AATTATTAAAGACATCGGTTACtttcatttggggtaagtta
DHAS2b(-686 to-667) DHAS-3F e ——————
DHAS2e (-566 to -547) B DHAS3b (-506 to -487) DHAS3c(-497to -478)

-580 TCCGAGATTTAGtatacttgcccctataagaaACGAAGGATTTCAGettcettaccccatgaaca TCTtccatttaccccccactggagagatce
C GGC'I'C‘IAAA'ICntiga_ac%g&atmTGC‘IICCIAAAGTCgaaggaatgggg}:acr.tga TTAGAaggtaaat ggtgaccrctctag
____________ DHAS3a (-532 to -513)
DHAS-2R DHAS3d (-408 to -389) |
-480 cgccCAAACGAACAGATAAIAGAAAAAAGAAATTCGGACAAATAGAACACTTICTCAGCCAATTAAAGTCARccatgcactcccctcagc GCCGTTCC
ﬂGGTTTGCTIGTC‘IAITAICITITITCIITAAGCCIGIIIALLL TGTGAARGAGTCGGTTAATTTCAGTRaggtacgtgagggaaatcy: AGGCAAGG
DHAS-4F [ — ¢—-———-
DHAS4a (-326 to -307)
-380 ATCCCI’ITG'ITGAGCAACACCATCGTIAGCCAGTACGAAAGAGGAAACI‘IAACCgatacct:atgggg_aaatctaaGGCGCGAATGAGTITAGCCTAGATAT
T_A_(_;EG_AJAA;CQA;C‘ICGTTGIGGTAGCAATCGGICAIGC‘IITCICCTTTGAATTGGctatgqaacctct\:t.aqatttCGCGC‘ITACICAAATCGGATCTAIA
DHAS-3R DHASA4D (-261 to -242) [ —
-280 CCTTAGTGAAGGGTIGTITCcgatacttctccacattcag CATAGATGGGCAGCTTTGTTATCATGAAGAGACGGARACGGGCATTAAGGGTTAACCGCC
GGARTCACTTCCCAACAAGgCTatgaagaggtgraag GIATCTACCCG'ICGAAACAAIAGIAC'I‘IC'ICTGCCT;I_TGCCCGIAAI‘ICCCAAIIGGCGG
—D—HASL»DHASSa(-lss to -147) | T~ T TDHAS-4R
-180 AAAI‘IAIAIAAAGAcaacacgtccccaqttcaaasTITTTCI‘I‘ICCTAT‘ICIIGTATCCIGAGTGACCGTTGIGT‘IIAATA’IAACAAG‘ITCGITTTAACI
TTTAA‘IATATT‘ICIqttgtacaMccaaacr,tCAAAAAGAAAGGATAAGAACATAGGAC’ICACTGGCAACACAAATTA‘IA‘ITG‘IICAAGCAAAAT‘IGA
" DHASB5Db (-57 to -38) |
-80 TAAGACCAAAACCAGTTACAACAaattataacccctctaaacaCTARAGTTCACTCTTATCAAACTATCAAACATCARAA -1
AITCTGG‘I‘IITGG‘ICA.AIG‘IIGTttaatactggggegacct:thA‘ITTCAAGTGAGAAIAGI‘IIGATAGTITGIAGTTIT

Figure I. 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 (DHAS|-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 er 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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PEX8-1F

o >
L >

—-1000 GGTCATGCAGATCCTCATGTTCATCATCATCATCCTCTTCATTGTTTGAACCTGCCAGCAGTCTGTTAACTTCCTCTGTT
CCAGTACGTCTAGGAGTACAAGTAGTAGTAGTAGGAGAAGTAACAAACTTGGACGGTCGTCAGACAATTGAAGGAGACAA

-920 GACCGTGTTGGTTCACTTTTGAGTTTTGGTATCGATAGTCTCAAGCATAACCCCTTTCCGGGCAGTATATCTCTATGTAG

CTGGCACAACCAAGTGAAAACTCAAAACCATAGCTATCAGAGTTCGTATTGGGGAAAGGCCCGTCATATAGAGATACATC
Py PEX8-2F -

-840 TAGTATTCCAATCAAATACCCTGTAGCACAGGGAATAAT@%TGAATATTGCCAATTGTAé&ATGAGAACCTTGATGAAGA

ATCATAAGGTTAGTTTATGGE}CATCGTGTCCCTTATTAS%ACTTATAACGGTTAACATCCTACTCTTGGAACTACTTCT
PEX8-1R

-760 ACTGGTCTGTTAGGACGATCTTCGAATTAGGCCTAGATTCGTTAACTTTCAGATTAAGCTGGAATTTGTATGCCGAGGGT
TGACCAGACAATCCTGCTAGAAGCTTAATCCGGATCTAAGCAATTGAAAGTCTAATTCGACCTTAAACATACGGCTCCCA

-680 GTAGATTGAAAATAAAAATAAATCAACGATGTGATGATTCCAAATGGACCGGCAGACACATAAATGTCCAATCCCAGCAA
CATCTAACTTTTATTTTTATTTAGTTGCTACACTACTAAGGTTTACCTGGCCGTCTGTGTATTTACAGGTTAGGGTCGTT
= PEX8-3F . -5 ————
@ = — PERE-2R

-600 ATGAtaagctacctccatcaatatTGTGGTAGCAACCATGTTGTAGAAGTAGGATGCaactacaaccccgagaaacttat

TACTattcgatggaggtagttata CACCATCGTTGGTACAACATCTTCATCCTACGttgatgttggggctctttgaata
PEX8-3a (-596 to -577) | PEX8-3b (-543 to -524)
tégggccataaatTCTTTCCAGATGCTTGATGGCAAAATGAATCAATGCAACACCAATCATGACCTCTGATTCGTTCTGA
acctcggtatttaAGAAAGGTCTACGAACTACCGTTTTACTTAGTTACGTTGTGGTTAGTACTGGAGACTAAGCAAGACT

PEX8-3c (-527 to -508) PEX8-3d (-424 to -405) PEXS8-3e (-412 to -383) PEX8-3f (-395 to -376) | &
-440 BAAGCTCAATTGGTAGAtcaatatcctccagtattgtctccactgactgataaaggggtcgtagctAAGGATAAACACATA

TTCGAGTTAACCATCTagttatagsaggtcataacasaggtgactgactatttccccagcatcgaTTCCTATTTGTGTAT
PEX8-4F . S F—BTB—FE———‘

CTTGAGGTCAAAAAGTGATGCAAAAATTGGGAGCAATATCAGCAACACTGTGAACGCCTTACATCGTGGAACCTGGTGGA

GAACTCCAGTTTTTCACTACGTTTTTAACCCTCGTTATAGTCGTTGTGACACTTGCGGAATGTAGCACCTTGGACCACCT

-520

-360

-280 ATCCTTTGGGTATCAGGGAAGACATTAACCAGTGTTTTCTTATCTATTTGTCTTTTTACACTARAGTGAAGTACGAATCC

. PEX8-5F o
AiaCGattgattcctcctcagatatCAGCTGAATTCTTGCTTATGTAATACTTGCGCGAACTACATGTGAACTTAGGATT
TACGCtaactaagggggpgtctataGTCGACTTAAGAACGAATACATTATGAACGCGCTTGATGTACACTTGAATCCTAA
—®  ppxs-5a (-195 to -176)
cG;Eaaggctggggggccanccaaccccacttcaa IGAGCCGACCCGTATAAATAGCCTCTGCGTCCTCAGATCAACAAG
GCbattccgaccccccagttggttggggtgaagtttCTCGGCTGGGCATATTTATCGGAGACGCAGGAGTCTAGTTGTTC

PEX8-5b(-118 to -97) PEX8-5c(-104 to -85)
ACGAAGCAATTTTTTTTTACCTATCTTCAGGTGCCTGTTA -1
TGCTTCGTTAAAAAAAAAT?EFTAGAAGTCCACGGACAAT

-200

=320

—-40

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 (PEX|-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 PEXS8 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 préparation
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). *’P-
labelled DNA probes were generated by radio-
labelling the 5’ ends of double-stranded DNA
with (y-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
Mxrlp has been described recently (Kranthi ez 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 ¥?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
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DHAS1 DHAS2 DHAS3 DHAS4

DHASS5

Mxrlp + - + - + - + - + -

| B &5@" &
& & F

9

b

32p_|abelled DNA probes (30000 cpm) and 10 ng Mxrlp

DTT, 100 ng poly(dl-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 32P-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 mm 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 SCYCCS
motif (Kranthi ef 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.
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PEX8-1 PEX8-2 PEX8-3 PEX8-4 PEX8-5
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Figure 3. Identification of Mxr | p-binding sites in the promoters of DHAS and PEX8. (A) Mxr|p-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

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 PEXS by
PCR from P. pastoris genomic DNA (Figures i
2) to generate PCR products (DHAS1-DHASS
and PEX8-1-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
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A DHASZ2a 57 CTATGC TACCCCACAGAAAT =
= DHAS2b 7 CAGAAATACCCCAAAAGTTG 37
DHAS2d a5 AAAGTAAACCCCATTCAATG 3%

DHAS 3a 57 CTTCCTTACCCCATGAACAG 3

DHASs 3b 5 TCCATTTACCCCCCACTGGA B
DHAS 4b 57 CGATACTTCTCCACATTCAG 37
DHAS 5b 57 AATTATAACCCCTCTAAACA g7

= PEX8—-3b 5¢ AACTACAACCCCGAGAAACT 37
PEX8-3e 57 AGTATTGTCTCCACTGACTG g
PEX8-5a 5" ATTGATTCCTCCTCAGATAT 37
PEX8—-5b 57 TTGGTTGACCCCCCAGCCTTAT 3’
PEX8-5c 5 TCAACCAACCCCACTTCAAA 37
PaoxMXRE1 5’ GCTAGTGTATCCCCTCCTGT 37
PaoxMXRE2 57 TCCTCTTCTCCTCAACACCC 3’
PaoxMXRE3 57 CAACAAGCTCCGCATTACAC 3’
PaoxMXRE4 5’ ACTATTTGACCCCACACTCA 37
PaoxMXRES B* CGGGTGTTTCCCCATTTGCG i
PaoxMXRE 6 5 TGCATTGTCTCCACATTGTA 37

Consensus seguence 57 CYCCNY 37

B Consensus 5’/ CYCCN‘; 3

DHASZ2e 5/ TATACTTGCCCCTRATAAGAA 3’
DHAS2e—M 5/ TATACTTGCCCCTCTAAGAA 37/

DHAS4b 5’/ CGATACTTCTCCACATTCAG 3’
DHAS4b—M 5’ CGATACTTCTCCARAATTCAG 3’

C DHAS2e DHAS2e-M DHAS4b DHAS4b-M

Mxrlp l/]”/ll [/IH/II

Mxrlp
+
32p_pNa

32p_pNa

Figure 4. ldentification 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' motif 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 (30000
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 CAGCCATTAATCTCACCTCAGTTTTTGAATCAGTAGAATTTTTAATGAAACAAACGGTTGGTATATTATTTGATAGAGTTQQCE@ATTTCCA@AgﬁTAAA

FLD1 (-820 to -801)

-900 TTTTTCATCAGGTAATATCCTGAQEACCGTAACATAGTGACTATEQGAAGACACIgcTATEATATTATATTTCGGATAAAaatccaaaccccagaccgac

FLD2 (-794 to -775) |

FLD3 (-757 to -738)

-800 CTCTTGagtctcaactccaagtcggéCGCAACTTTAATTATCCgtggattgggagctagtttgGACAACGCATCAGTATAATATAACTTTACGGTTCCAT

-700 TATCAGACGCTATTGCAAGAACTTCCTTTCCATTGATCTgGggAA@GQQGEAQTAAEFGATATCGTAGGGTAGGTCTGGAAAGACGCTGG;Q;TEGZGTC

FLD4 (-561 to -542) | %

FLD5 (-510

-600 CCATTCTGCAGGAATCTCTGGCACGGTGCTAATGGTAGTtatccaacggggctgaggtﬂGTCGATATATCTGGATATGCCGCCTATAGGAtaaaaacagg

to -491) |

-500 ggagggtgachTTGCTTATGGCTACTAGATTGTTCTTGTACTCTGAATTCTCATTATGGGAAACTAAACTAATCTCATCTGTGTGTTGCAGTACTATTG
S i

FLD6 (-388 to -369) |

-400 AATCGTTGTAGTatCtaCctggggggcattcdATGAATTAGTGAGATAACAGAGTTGGGTAACTAGAGAGAATAAI&GQCGTATGCAT@ATTAC?&?A;A

FLD7 (-240 to -221) FLD8 (-212 to

-300 ACGGATGTCGCACTCTTTCCTTAGTTAAAACTATCATCEgATCACAAGATGCGGGCTGGAaagacttgctcccgaagga TCTTCTgcttctatctcc

-193) |% FLDO (-179 to -160) | ¥

-200 cttcctCEFATGGTTTCGCAquctcatgccccttcttcCtﬂCGAACTGCCCGQFQQQQAAGTCCTTEGEETATCAAAGAATTCGGGACCATCATCGATT

FLD10 (-47 to -28) |

-100 TTTAGAGCCTTACCTGATCGCAATCAGGATTTCACTACTCATATAAATACATCgctcaaagctccaactttgcTTGTTCATACAATTCTTGATATTCACA

PEX14 promoter
-1000 TATATATAATGCTATTTTgﬁGTCEéFTAAGCTAAAZpgTGTTTCTCTTAGCATAGTCAATGATTAGTTTTTCACTCATTTGTACAACAATCGGTTTGGTA

PEX14-1 (-882 to -863)

-900 TCTGCAATGACACTAGAGataattctggaggttagcttbCATACATAAGCCGGTTCTGTTCCTTGATAATAATTCCAATCAAGGTCTAGTTTGCGAAGAT

-800 AATCTCTGGATAGACCAGCTCTTTCTTCTTCGTTTAGGATTTTATCGCTATGCAACACCGAAATATTCCTGTAAACCCATTGATCTAGTGGTTGATGCAA

=700 TCCTATCCCGTGATACTTAGAGCAGCTCTCTTTTAGAGCCCAATACTGTGTTAGAATTTCAAATTGTCTATCTTCTGTGTGTCGAGGAAGTTCACGTTCA

-600 AGAAAGTTCGTTTCGTCTGGGTGAAAAATATCAGAAAAGGATCGTAAAAGCTGTATTGGGTCCTCTTGAAACTGTTTGATTGTTTGTATATCAGCCAAAT

-500 CGATTCCTAATTGCTTAATCGAAGGTTTTTCAGACTCACTTCCCAGTTTTTGTGCATCTTTTCTTCGAAAGACAATTCCTACTACAGATTCATCGTCTGC

-400 CATATTAT&ETECAATTGTTTTQE&Q&EGGCTTGCCACACGGTGCCACAGTTATCTCAGGTTCAAACAGGGTGTCCATCTCATAGTTTAAGGACAGAATT

PEX14-2 (-292 to -273)

-300 GTTCTTAGcaacaagcctCctagtaaggFCATCCTCTGATCATGTCTATTCTTTCTCGC?AGE&?TCTGTTACGEIGTTTCAACGACAATTGACGTAAAC

PEX14-3 (-142 to -123)%

-200 ACAGTTCCATTAAATAATCATCTTCTAACTCGTTGCCGACTTTGACCACTACAAGAATatttctttctccttctgEEﬂACTGCTTCCAATGTTGAAAGAC

-100 ATCGTCCATTCTTCAACGAAGAAGTTTATTAGAACAGTATTACCTAATCTGAGAAGTTCAAGGCGACGTGTACTGATCCATATGGTCCCATCATCACTGC

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 PEXS-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 er 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 Mxrlp-
binding to AOXI promoter sequences, we had
identified the 5-CYCC-3" motif as the consen-
sus sequence for Mxrlp binding (Kranthi er al.,
2009). In this study, we examined whether the
DHAS and PEX8 promoter sequences which bind
Mxrlp 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 PEXS8-1 are
exceptions, as they do not bind Mxrlp 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
Mxrlp-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 Mxrlp-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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