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Introduction

Recombinant protein expression system is useful for obtaining sufficient amount
of proteins of interest. Many kinds of expression systems using bacteria, yeast, plants,
mammalian cells and other organisms as hosts have been developed to date. In general,
the expression of higher eukaryotic proteins using prokaryotes as a host sometimes
results in an inactive product without correct folding or posttranslational modifications,
although the manipulation is easy. Proteins produced in yeasts such as Saccharomyces
species and Pichia species invariably show high mannose-type glycosylation, although
their manipulation is also easy. In contrast, in the case of expression using mammalian
cells as hosts, the problems mentioned above can be solved, but the manipulation is not
easy, and the production cost is high. The advantage of utility of plants is lower
production costs compared with mammalian cells. However, there are a number of
technical limitations. For example, a technique for gene targeting has not yet been
established in plant cells, therefore, the transgene can only be inserted randomly into the
chromosome of transgenic plants. Thus, each expression system has its own
characteristics, so it is necessary to make a choice based on the gene (protein) of interest,
the amount to be produced, the purpose and final aim. The demand for superior
expression systems is increasing rapidly in biotechnological industry.

Filamentous fungi, especially several Aspergillus species, have been used for the
traditional fermented beverage and foods, such as sake, shochu, shoyu, and miso, in
Japan for over a thousand years. For about two decades, molecular genetic tools have
enabled us to use these organisms to express extra copies of both homologous and

heterologous genes. Recently, Aspergillus species have received attention as the



attractive hosts, and are widely used for the expression of homologous and heterologous
genes, because they provide advantages for protein expression, such as a large capacity
for protein secretion, correct post-translational processing of eukaryotic proteins, and
less over-glycosylation than in yeast. (Archer and Peberdy 1997; Verdoes et al. 1995).
Previous efforts at enhancing heterologous gene expression in filamentous fungi have
mostly been directed at boosting transcription.  To date, several strong promoters have
been isolated and used for the production of heterologous proteins in Aspergillus species
(Christensen et al. 1988; Tada et al. 1991; Hata et al. 1992; Toda et al. 2001; Ishida et al.
2001).

In author’s laboratory, improved promoters such as PagdA4142 (Minetoki et al.
1998), P-No8142 (Ozeki et al. 1996; Minetoki 2000), and P-enoA4142 (Tsuboi et al.
2005) have already been developed using a functional cis-element, Region III (Region
[I1a and I1Ib). Region I1la was found as one of the highly conserved sequences in the
promoter regions of the A. oryzae amylolytic genes, Taka-amylase A (amyB) (Tada et al.
1989), glucoamylase (gla4) (Hata et al. 1990, 1991), and a-glucosidase (agdA)
(Minetoki et al. 1995) (Fig. 1). Deletion analyses of the promoter regions indicated
that Region Illa is a functional element essential for starch or malto-oligosaccharide
induction (Minetoki et al. 1996, 1998). Region Illa overlaps SRE (starch-responsive
element) which binds to the transcriptional factor AmyRp (Gomi et al. 2000;
Tsukagoshi et al. 2001) (Fig. 2). Region IIIb has a CCAAT box (Hap complex binding
sequence), which is considered to enhance overall promoter activity and to increase
expression in conjunction with other transcriptional factors (Tsukagoshi et al. 2001) (Fig.
2). Introduction of the multiple copies of the fragment comprising Region III

(including both IIla and IIIb) into various promoters resulted in a significant increase
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FIG 1. Diagram of the homologous sequence elements identified in the promoter region of the
Aspergillus amylase genes. The putative CCAAT sequence and the TATA-box are indicated by the
vertical line and solid box, respectively. Each consensus sequence element is indicated by different
box pattern. The numbers indicate the nucleotide distance to the translation start point.
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FIG. 2. The conserved nucleotide sequences, including Region III, in the upstream region of
Aspergillus amylase genes. The numbers indicate the nucleotide distance to the translation start
point.



in their promoter activities at the transcriptional level (Minetoki et al. 1998; Tsuboi et al.

2005) (Fig. 3).

Indeed, using these improved promoters, a high yield of a-glucosidase,

nuclease S1, and 1,2-0-mannosidase, the production levels of which are very low by

nature because of their own gene expression level in wild-type strains, could be gained.

T T \ GUS activity (U/mg)

1 1
-800 -600 - -200 -
400 ! Maltose Glucose

P X v TATA
PagdA A.oryzae agd A '-D—I‘-[E,'E — St ?:IuidA 11920  338%22

P
PagdA142

| 1l la lib
P R S
PglaA A.oryzae glaA I]—i—flﬂ-l—l—b 90336 37115

LIIEY

| 1l Ila llib /EV, c §
| 1195t64 776%26

PglaA142 3394%107 1553*108
) P " P A

P-No8 A. niger No.8 Mt t __: 464%14  518%20

P-No8142f 2969+18 2851%112

P-No8142r 277740 308566

FIG. 3. Improvement of promoter activity by the introduction of the Region III. The location of
each conserved element (Region I, II, Illa and IlIb) within the promoter region is indicated by a
different box pattern. The putative CCAAT-box and the TATA-box are indicated by the vertical line
and solid box, respectively. The numbers marked at the top indicate the nucleotide distance to the
translation start point. Two independently isolated single copy transformants with each plasmid
integrated at the niaD locus were grown in 15 ml of CD-P medium containing 2% glucose or maltose
at 30°C for 48 h. The GUS activities of cell extracts obtained from two independent experiments are
presented as the average with standard errors. C, Clal; E, EcoRI; Ev, EcoRV; P, Pstl; Pm, PmaCl; S,

Sall; Sp, Spel; X, Xhol.

However, in addition to the transcriptional effect, the level of heterologous protein

expression can also depend on other steps, including posttranscription initiation events

such as transcription elongation, mRNA processing, mRNA stability and/or efficiency

of translation.

Little is known about the effects of these events on protein expression

in filamentous fungi.



In the present study, I addressed posttranscriptional enhancement in heterologous
gene expression in filamentous fungus Aspergillus species. In Chapter I, I focused on
the coding region of a gene to be expressed, and investigated the effect of codon
optimization on the expression of a heterologous protein in Aspergillus niger, using
potato a-glucan phosphorylase (GP) as a model protein. In Chapter II, it was
investigated whether alteration in the 5" untranslated region (5'UTR) of an expression
vector has a large influence on translation efficiency in Aspergillus oryzae, using a
model B-glucuronidase (GUS) expression system. Moreover, this paper describes the
5'UTRs of the fungal heat-shock protein (Hsp) genes that dramatically increase the

expression level of an exogenous gene in 4. oryzae in Chapter II1.



Chapter 1

Codon optimization for high-level expression of heterologous proteins

in Aspergillus niger

Introduction

Filamentous fungi, especially several Aspergillus species, have a high capacity for
protein secretion and are therefore exploited for the industrial production of
homologous and heterologous proteins (Archer and Peberdy 1997; Verdoes et al. 1995).
However, for most nonfungal proteins the secreted yields are very low, often 2 to 3
orders of magnitude lower than homologous proteins (Gouka et al. 1997).  Although
significant production levels have been obtained for several nonfungal proteins by using
strong promoters and the secretion carrier (gene fusion) approach (Ward et al. 1990;
Jeenes et al. 1993; Contreras et al. 1991), the yields in most cases are still orders of
magnitude lower than those obtained for fungal proteins. The bottlenecks that limit
heterologous protein production in Aspergillus species are a subject of great interest
(Conesa et al. 2001). In comparison with other foreign proteins, such as mammalian
proteins, there are only a few reports of the production of plant proteins in Aspergillus
species (Gouka et al. 1996; Juge et al. 1998; Moralejo et al. 2000). Moreover, it is not
known whether plant cytosolic proteins can be produced in Aspergillus species.

Despite this, heterologous expression of plant genes in Aspergillus species may serve as
an important alternative for producing plant proteins.

In this study, potato (Solanum tuberosum) a-glucan phosphorylase (GP, EC



2.4.1.1), an enzyme that catalyzes the reversible phosphorolysis of a-1,4-glucan, was
used as a model plant cytosolic protein. GP has been shown to be useful for the
synthesis of glucose 1-phosphate, which has potential as an antibiotic or
immunosuppressive drug (Weinhdusel et al. 1994, 1995), as well as for generating
amylose molecules that have a narrow molecular weight distribution (Kitamura 1996;
Niemann et al. 1991; Fujii et al. 2003).  Thus, this enzyme is of interest for potential
industrial application. The cDNA encoding potato GP has been cloned, and its
nucleotide sequence was determined (Mori et al. 1991). Here, it was attempted to
express the potato GP in Aspergillus niger using the strong promoter P-No8142 (Ozeki
et al. 1996; Minetoki 2000). Special attention was paid to the influence of different
codon usage and A+T content in the coding region on GP protein expression, and a
significant increase in GP gene expression by using an optimized synthetic gene was

observed.

Materials and Methods

Strains and media A. niger ND48prt42A122A, a derivative strain of A. niger
[FO4343, was used as a recipient strain for transformation and GP expression
experiments. The strain has deleted niaD and pepA loci, and it was obtained by
mutagenesis and screening for reduced extracellular protease activity. Escherichia coli
DH5a was used for construction and propagation of plasmids. Modified
dextrin-peptone (DP) medium containing 2% (w/v) dextrin, 1% (w/v) polypeptone
(Polypepton; Nihon Pharmaceutical), 0.5% (w/v) KH,PO4, 0.05% (w/v) MgSO4-7H,0,

disodium hydrogen citrate buffer (50 mM, pH 6.5), and 1 mM pyridoxine hydrochloride



was used as the medium for production of GP.

Construction of a potato GP expression vector using the wild-type GP gene
The wild-type potato GP cDNA (GP-wt, Fig. 1.3) inserted into a unique EcoRI site in
pBluescript II SK was kindly provided by Prof. K. Tanizawa (Institute of Scientific and
Industrial Research, Osaka University, Ibaraki, Osaka) (Mori et al. 1991). This was
digested with Xhol and Xbal to release the GP-wt coding region, which was then cloned
into Xhol/Xbal-digested pNAN8&142 (Minetoki 2000), an Aspergillus expression vector

controlled by the P-No8142 promoter (Fig. I.1), to produce the GP-wt expression vector,

pNAN-GP-wt.
Tth1111
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T-agdA
3 P-No8142
Xbal,Sphl,Ndel,Spel,PmaCl,Notl,Hindlll,Sall,Xho|
PNAN-GP-wt : i
120 kb (I
GP-wt (2.5 kb)

FIG. I.1. Structure of the expression vector pNAN8142 and pNAN-GP-wt using the improved
promoter. P-No8142 is the improved promoter with Region IIIl. T-agdA is the transcriptional
terminator from the 4. oryzae agdA gene. The niaD gene is used as a selectable marker gene.



Design and synthesis of a GP gene for expression in A. niger For optimal
expression in 4. niger, the nucleotide sequence of the GP gene was modified to have A.
niger codon usage preference. To facilitate cloning into the Aspergillus expression
vector pNANS8142, unique restriction endonuclease sites for HindIIl and Xbal were
added to the 5'- and 3'-ends of the coding region, respectively. The actual codons used
for each amino acid are summarized in Table I.1.

The synthetic GP cDNA (GP-syn) thus designed was constructed by assembly
PCR (Fig. 1.2) using a set of overlapping 40-mer oligonucleotides with Pyrobest DNA
polymerase (Takara Bio) essentially according to the procedure of Stemmer et al.
(Stemmer et al. 1995). The amplified GP-syn was digested with HindIII and Xbal and
then cloned into the multiple cloning site in pPNAN8142, yielding pNAN-GP-syn, which

was verified by sequencing and used for protein expression.
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FIG. 1.2. Schematic illustration of the assembly PCR-based gene synthesis. The synthetic gene is
assembled by DNA polymerization from a set of overlapping complementary oligonucleotides in a
first PCR (gene assembly). The assembled product is then amplified using the two outermost primers
(gene amplification).



Fungal transformation Transformation of 4. niger was carried out according
to Gomi et al. (Gomi et al. 1987). Protoplasts for this procedure were prepared using
20 mg/ml of Lysing Enzymes (Sigma).

GP activity assay A. niger transformants were cultured in 15 ml of modified
DP medium at 30°C with shaking. After 60 h of cultivation, the mycelia were
harvested and washed with distilled water. Preparation of cell-free extracts of the
transformants was carried out as described by Tada et al. (1991) using an extraction
buffer of 10 mM Tris-HCI (pH 7.0) containing 0.1% (w/v) Triton X-100.

GP activity was assayed by determining the amount of inorganic phosphate
released from glucan and glucose 1-phosphate according to Saheki et al. (1985) with
minor modifications. The reaction mixture (200 pl) containing 5 mM Tris-HCI (pH
7.0), 0.025% (w/v) Triton X-100, 1% (w/v) soluble starch, and 12.5 mM glucose
1-phosphate was incubated at 37°C for 15 min. The reaction was stopped by the
addition of 800 pl of molybdate reagent (15 mM ammonium molybdate and 100 mM
zinc acetate, pH 5.0). Two hundred pl of 10% (w/v) ascorbic acid (pH 5.0) was then
added to the mixture. This mixture was incubated at 30°C for 15 min, and the
absorbance was measured at 850 nm. A reaction mixture without soluble starch was
used as a blank for each sample. One unit was defined as the amount of enzyme that
produced 1 umol of phosphate in 1 min. Total protein was determined with a protein
assay kit (Bio-Rad) using bovine serum albumin as a standard.

Northern blot analysis A. niger transformants were cultured in 15 ml of the
modified DP medium for 40 h at 30°C with shaking, after which the mycelia were
transferred into fresh modified DP medium and cultured for 8 h. Next, total RNA was

isolated with an ISOGEN RNA isolation kit (Nippon Gene). Total RNA (10 pg) was
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separated on a formaldehyde gel and transferred onto a Hybond-N" membrane
(Amersham Biosciences) using the capillary transfer method. The entire GP-wt or
GP-syn cDNA fragment was used as a probe for the transformants containing
pPNAN-GP-wt or pPNAN-GP-syn, respectively. Probes were labeled and detected using
the AlkPhos direct labeling and detection system (Amersham Biosciences).

SDS-PAGE analysis Electrophoresis was performed according to the method
of Laemmli (1970) using 7.5% polyacrylamide gels. Proteins were stained with
Coomassie brilliant blue R-250.

Immunoblot analysis The samples were loaded on a 7.5%
SDS-polyacrylamide gel. Separated proteins were then electrophoretically transferred
onto an Immobilon-P membrane (Millipore). Immunoblotting was performed using an
Immun-Blot assay kit (goat anti-rabbit [gG [H+L] AP, Bio-Rad) with a rabbit polyclonal
anti-GP antibody (kindly provided by Ezaki Glico Co. Ltd., Osaka). Prestained
broad-range protein markers (Bio-Rad) were utilized for estimation of protein molecular

weights.

Results

Expression of a wild-type GP gene in A. niger In this chapter, [ used GP, a
cytosolic protein derived from potato, which I expected to be expressed in the cytosol of
A. niger as a properly folded and active protein. At first, a wild-type GP gene was
tried to be expressed in A. niger. The wild-type GP cDNA (GP-wt, Fig. 1.3) was
cloned in the Aspergillus expression vector pPNANS8142 under the control of a strong

promoter, P-No8142 (Minetoki 2000), which is derived from the No. 8 AN promoter
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isolated from A. niger (Ozeki et al. 1996) (Fig. 1.1).

into the A. niger ND48prt42A122A strain using niaD as the selectable marker, and

This construct was introduced

several independent transformants were obtained. PCR analysis confirmed that the

TABLE I.1. Comparison of the codon usage for wild-type (wt) and synthetic (syn) GP genes
Amino  Codon  A4. niger GP Amino Codon 4. niger GP Amino Codon 4. niger
acid fraction® wt syn  acid fraction ~ wt syn  acid fraction ~ wt syn
Tyr TAT 0.27 21 9 Ser TCA 0.06 8 0 Cys TGT 0.34 4 4
TAC 0.73 12 24 AGT 0.10 15 5 TGC 0.66 3 3
TCG 0.16 5 5
Phe TTT 0.25 28 17 AGC 0.21 7 17 Arg AGG 0.07 13 0
TTC 0.75 7 28 TCC 0.30 2 10 AGA 0.08 8 0
TCT 0.17 16 16 CGG 0.15 5 5
Gly GGA 0.18 21 9 CGA 0.08 5 0
GGG 0.09 9 0 Ile ATA 0.04 8 0 CGC 0.36 5 18
GGC 0.39 6 27 ATT 0.30 23 12 CGT 0.26 7 20
GGT 0.34 15 15 ATC 0.66 15 34
Asn AAT 0.24 30 12
Lys AAG 0.84 24 46 His CAT 0.34 17 7 AAC 0.76 14 32
AAA 0.16 27 5 CAC 0.66 4 14
Gln CAA 0.27 15 7
Leu CTA 0.05 9 0 Val GTC 0.45 14 18 CAG 0.73 19 27
TTA 0.02 8 0 GTG 0.28 10 10
TTG 0.16 11 11 GTA 0.05 5 1 Thr ACA 0.11 20 0
CTT 0.15 27 6 GTT 0.23 21 21 ACG 0.17 5 5
CTC 0.29 11 31 ACT 0.22 13 13
CTG 0.33 14 32 Asp GAT 0.42 33 13 ACC 0.50 4 24
GAC 0.58 17 37
Glu GAG 0.70 23 44 Pro CcCC 0.41 5 15
GAA 0.30 34 13 Ala GCC 0.42 11 26 CCT 0.26 22 12
GCA 0.12 28 4 CCA 0.12 0
Met ATG 1.00 19 19 GCT 0.29 26 25 CCG 0.21 2 11
GCG 0.16 1 11
Stop TAA 0.39 0 0 Total 839 839
TAG 0.32 0 0 Trp TGG 1.00 18 18 %A+T 57 44
TGA 0.29 1 1 %C+G 43 56

* The codon usage for 4. niger was determined from the codon usage database (http://www.kazusa.or.jp/codon/)
(Nakamura et al. 2000).

-12 -



TABLE I.2. GP production in different transformants of 4. niger

Strain Plasmid GP activity (U/mg protein) ug GP/mg protein®
Recipient - 0.00489 <0.1
TFwt#1 pNAN-GP-wt 0.00883 <0.1
TFwt#2 0.00532 <0.1
TFwt#3 0.00511 <0.1
TFsyn#1 pPNAN-GP-syn 3.79 43.6
TFsyn#2 3.45 39.6
TFsyn#3 3.51 40.3
TFsyn#5 8.23 94.6

* The amount of GP protein was calculated on the basis of the specific activity of purified recombinant GP
(87 U/mg protein).

construct was integrated in the genome of these transformants. A GP assay (Table 1.2)
revealed that the transformants containing GP-wt (pNAN-GP-wt) failed to produce GP
activity. In addition, Northern blot analysis showed that GP transcripts were hardly
detectable despite the strong promoter (Fig. [.4C, lane 2), indicating that the lack of
successful expression was apparent even at the mRNA level.

Design and synthesis of a GP gene for expression in A. niger Heterologous
gene expression can be inhibited by unsuitable codons and/or differences in base
contents between the expression host and the DNA donor. In my case, expression of
GP-wt was inhibited at the mRNA level despite using the strong promoter, P-No8142,
suggesting that characteristic features of the DNA sequence of GP-wt contributed to the
lack of successful expression in A. niger. Therefore, the sequence of GP-wt (2517
bases) was analyzed. It was found that there are large differences between the most
frequently used codons in GP-wt and A. niger genes and that there are 73 codons in the
entire sequence that are extremely rare (fraction < 10%) in A. niger (Table 1.1).

Previous research in both prokaryotes and eukaryotes demonstrated that rare codons can

-13-



G C G cC CGCC G G C
ATGGAAGGTGGTGCAAAATCGAATGATGTATCAGCAGCACCTATTGCTCAACCACTTTCT
M EGGAKSNDVSAAPIAQPLS

G C G C c C G cCc¢C
GAAGACCCTACTGACATTGCATCTAATATCAAGTATCATGCTCAATATACTCCTCATTTT
EDPTDIASNIKYHAQYTTPHEF

C G G G C C C
TCTCCTTTCAAGTTTGAGCCACTACAAGCATACTATGCTGCTACTGCTGACAGTGTTCGT
SPFKFEPLQAYYAATADSVR

C G C c C¢C G G
GATCGCTTGATCAAACAATGGAATGACACCTATCTTCATTATGACAAAGTTAATCCAAAG
DRLI KQWNDTYLHYDKVNEPK

G C CG C c C C CG C
CAAACATACTACTTATCAATGGAGTATCTCCAGGGGCGAGCTTTGACAAATGCAGTTGGA
Q TYYLSMEYLQGRALTNAVGEG

CG c C C CG G C
AACTTAGACATCCACAATGCATATGCTGATGCTTTAAACAAACTGGGTCAGCAGCTTGAG
NLDIHNAYADALNKTLTGO QO QTLE

G G C G CCG C CG CCT
GAGGTCGTTGAGCAGGAAAAAGATGCAGCATTAGGAAATGGTGGTTTAGGAAGGCTCGCT
EVVEQEKDAALGNGGLGRTLA

C cc¢c C C G G CT
TCATGCTTTCTTGATTCCATGGCCACATTGAACCTTCCAGCATGGGGTTATGGCTTGAGG
S CFLDSMATLNLPAWGYGTLR

cCc C c C C C C G G C G
TACAGATATGGACTTTTTAAGCAGCTTATCACAAAGGCTGGGCAAGAAGAAGTTCCTGAA
Y RY LFKQLITKAGQETEVFPE

C G CC G cCT CC C
GATTGGTTGGAGAAATTTAGTCCCTGGGAAATTGTAAGGCATGATGTTGTCTTTCCTATC
DWLEKFSPWETIVRHDVVFPI

cT c¢C G C C G ¢
AGGTTTTTTGGTCATGTTGAAGTCCTCCCTTCTGGCTCGCGAAAATGGGTTGGTGGAGAG
RFFGHVEVLPSGSRKWVGGE

G cC C G C G cC G C
GTCCTACAGGCTCTTGCATATGATGTGCCAATTCCAGGATACAGAACTAAAAACACTAAT
VLQALAYDVPIPGYRTIKNTN

c C G G G C C C
AGTCTTCGTCTCTGGGAAGCCAAAGCAAGCTCTGAGGATTTCAACTTGTTTCTGTTTAAT
S LRLWEAKASSEDTFNLFLFN

cc ¢c¢c c cc cT
GATGGACAGTATGATGCTGCTGCACAGCTTCATTCTAGGGCTCAGCAGATTTGTGCTGTT
DGQYDAAAGQLHSRAQQ QTICAYV
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CTCTACCCTGGGGATGCTACAGAGAATGGAAAACTCTTACGGCTAAAGCAACAATTTTTT
LYPGDATENGSKTLLRLI K~ QQOQTFTF

C c C ccC G CC G CC

C G
CTGTGCAGTGCATCGCTTCAGGATATTATTGCCAGAT TCAAAGAGAGAGAAGATGGAAAG
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GGTTCTCACCAGTGGTCTGAATTCCCCAAGAAGGTTGCGATACAACTAAATGACACACAT
G SHQWSEFPKIKYVAIQLNDTH
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CCAACTCTTACGATTCCAGAGCTGATGCGGTTGCTAATGGATGATGAAGGACTTGGGTGG
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C G C CT C c C G C
GATGAATCTTGGAATATCACTACTAGGACAATTGCCTATACGAATCATACAGTCCTACCT
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GAAGCACTTGAAAAATGGTCTCAGGCAGTCATGTGGAAGCTCCTTCCTAGACATATGGAA
EALEKWS AV MWKTLTLPRHME

C G G G C c C c 6CCCC

ATCATTGAAGAAATTGACAAACGGTTTGTTGCTACAATAATGTCAGAAAGACCTGATCTT
I 1 EEI DKRFVATIMSERPDL

FIG 1.3.
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SNMKFALNGCLTII®IGTLDGAN

CT cC C C
GTGGAAATTAGGGAGGAAATTGGAGAAGATAACTTCTTTCTTTTTGGTGCAACAGCTGAT
VEIREEIGEDNFFLFGATAD

C C
GAAGTTCCTCAACTGCGCAAAGATCGAGAGAATGGACTGTTCAAACCTGATCCTCGGTTT
EVPQLRKDRENGLFKPDPRF

C G cC CT C ¢ C
GAAGAGGCAAAACAATTTATTAGGTCTGGAGCATTTGGGACGTATGATTATAATCCCCTC
EEAKQFIRSGAFGTYDYNPL

C C c C
CTTGAATCACTGGAAGGGAACTCGGGATATGGTCGTGGAGACTATTTTCTTGTTGGTCAT
LESLEGNSGYGRGDYTFLVGH

cCT C CT
GATTTTCCGAGCTACATGGATGCTCAGGCAAGGGTTGATGAAGCTTACAAGGACAGGAAA
DFPSYMDAQARVYVYDEAYZKDREK

ccC C C C G
AGATGGATAAAGATGTCTATACTGAGCACTAGTGGGAGTGGCAAATTTAGTAGTGACCGT
RW I KMSITLSTSGSGKF S DR

c C C
ACAATTTCTCAATATGCAAAAGAGATCTGGAACATTGCCGAGTGTCGCGTGCCTTGA
T1SQYAKEIWNIAECRVP™>*

1320
440

1380
460

1440
480

1500
500

1560
520

1620
540

1680
560

1740
580

1800
600

1860
620

1920
640

1980
660

2040
680

2100
700

2160
720

2220
740

2280
760

2340
780

2400
800

2460
820

2517
839

Nucleotide and deduced amino acid sequence of the wild-type GP gene (GP-wt).

Differences between the GP-syn and GP-wt sequences are indicated above the nucleotide sequence of

the latter.
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Lane 1 2 3

FIG. 1.4. Expression analysis of GP-wt and GP-syn in 4. niger. (A) SDS-PAGE analysis of
cell-free extracts of transformants containing different constructs. The cell-free extracts were the
same as those used for the GP assay in Table 1.2. Each lane was loaded with 10 pug of protein. The
first lane contains a control of purified E. coli cell-derived recombinant GP (40 mU; kindly provided
by Ezaki Glico Co. Ltd.). The positions of the molecular mass markers are shown on the right. (B)
Immunoblot analysis of intracellular GP protein in different transformants. The cell-free extracts (10
ng of protein) were resolved by SDS-PAGE and subjected to immunoblot analysis. The first lane
contains a control of purified E. coli cell-derived recombinant GP (40 mU). The positions of
prestained broad-range protein markers (Bio-Rad) and their sizes are indicated. (C) Northern blot
analysis of GP mRNA in different transformants. The entire GP-wt fragment (for transformant
TFwt#1) or the entire GP-syn fragment (for transformant TFsyn#5 and the recipient strain) was used as
aprobe. Ethidium bromide-stained ribosomal RNA is shown as a loading control.
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affect mRNA stability (abundance) as well as the rate of translation. Therefore, it was
suspected that the lack of detectable mRNA is due, in part, to the high content of rare
codons. Additionally, based on Kazusa’s Codon Usage Database
(http://www.kazusa.or.jp/codon/), the A+T content is significantly higher in GP-wt
(57%) than in 4. niger genes (44%). Consequently, GP-wt contains many A+T-rich
stretches that resemble a ‘terminator’ consensus (AATAAA) and can cause fortuitous
polyadenylation (Fig. I.3). Thus, premature termination of the transcripts may also be
responsible for the lack of detectable GP mRNA.

To overcome these possible problems, an optimized synthetic gene (GP-syn) was
designed for expression in A. niger wherein the codon usage and A+T content was
modified without altering the amino acid sequences (Fig. 1.3). First, the A+T content
was decreased from 57% to 44%, and special attention was paid to eliminating A+T-rich
stretches. Second, the entire coding region was designed to have a suitable codon bias
for A. niger (Table I.1). Most of the rare codons were converted to ones that are more
frequently used in 4. niger. As aresult, 39% of the codons in the coding sequence
were replaced by more suitable codons. These modifications resulted in an overall
change of approximately 15% in the nucleotide sequence. GP-syn was then
synthesized by assembly PCR and was cloned into the multiple cloning site in the
expression vector pPNAN8142, yielding pNAN-GP-syn.

Enhanced expression with the optimized synthetic gene The construct
pNAN-GP-syn containing the optimized synthetic gene, GP-syn, was introduced into
the 4. niger recipient strain, and several independent transformants were obtained. By
using GP-syn (pNAN-GP-syn), the expression level was dramatically improved (Table

[.2). The highest GP activity was observed in the transformant TFsyn#5. The
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estimated copy number of the expression cassettes in the transformant TFsyn#5 by
Southern blot analysis is 2 or 3, and the other transformants, TFsyn#1, TFsyn#2, and
TFsyn#3, were estimated to be a single copy transformants (data not shown).

Intracellular GP production was also examined by SDS-PAGE (Fig. [.4A) and
immunoblot analysis (Fig. [.4B). TFsyn#5 showed a strong band of approximately 94
kDa, the expected size for GP protein, whereas this band was hardly detectable in the
extract of transformant TFwt#1, which contained GP-wt (pNAN-GP-wt). In addition,
several smaller immunoreactive proteins were detected in transformant TFsyn#5 (Fig.
[.4B). An assay of GP activity and quantitative scanning of the gel indicated that the
GP protein accounts for approximately 10% of the total soluble protein in strain
TFsyn#5. This expression level is much higher than that previously reported using an
E. coli expression system (Mori et al. 1991).

To investigate whether the differences in GP production among the constructs
could be explained by differences in mRNA levels, Northern blot analysis was
performed (Fig. .4C). A GP mRNA band of approximately 2.5 kb, corresponding to
the size of the full-length GP gene, was detected only in the transformant containing
GP-syn (TFsyn#5). Thus, a drastic increase in both the mRNA level and GP protein
expression was obtained using the synthetic GP gene.

Product stabilization Proteolytic degradation can often be an important
problem in protein production, especially for heterologous expression. Immunoblot
analysis of the expression of intracellular GP protein in transformant TFsyn#5 revealed
many immunoreactive bands smaller than the intact protein (Fig. [.4B), suggesting that
the protein is degraded intracellularly or in the cell extracts. I therefore investigated

whether the addition of protease inhibitors to the extraction buffer can prevent the
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degradation of GP protein (Fig. 1.5). It was found that a serine protease inhibitor,
phenylmethylsulfonyl fluoride (PMSF), effectively prevented the degradation of GP
protein (Fig. 1.5, lanes 3, 6, and 7), whereas the other protease inhibitors had no effect
(Fig. 1.5, lanes 4, 5). These results indicate that most of the proteolytic degradation
occurs not intracellularly but in the cell extracts and that it can be prevented by the
addition of PMSF. Indeed, addition of PMSF to the extract of TFsyn#5 increased the

amount of GP protein by approximately 30% to approximately 100 mg GP protein/liter.
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FIG 1.5. Immunoblot analysis of intracellular GP protein. Equal amounts of cell-free extract (10
pg of protein) of transformant TFsyn#5 with or without protease inhibitors were resolved by
SDS-PAGE and subjected to immunoblot analysis. Lane 1, a control of purified E. coli cell-derived
recombinant GP (40 mU); lane 2, no inhibitor; lane 3, phenylmethylsulfonyl fluoride (PMSF; 1 mM);
lane 4, pepstatin A (1 pg/ml); lane 5, EDTA (5 mM); lane 6, PMSF (1 mM) and pepstatin A (1 pg/ml);
lane 7, PMSF (1 mM), pepstatin A (1 png/ml), and EDTA (5§ mM). The positions of prestained
broad-range protein markers (Bio-Rad) and their sizes are indicated. The relative GP activities (U/mg
protein) are shown at the bottom of the blot.
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Discussion

Matching the codon usage of heterologous genes to that of the expression host is
a common strategy for increasing the expression of heterologous proteins in many
species, including bacteria, plants, yeasts, mammalian cells, and transgenic animals.

On the other hand, this strategy has not yet been investigated extensively in filamentous
fungi, and there have been only a few studies that investigated the effect of codon
optimization in Aspergillus species (Gouka et al. 1996; Faus et al. 1996, 1998; Krasevec
et al. 2000; Cardoza et al. 2003; Nelson et al. 2004; and Tokuoka et al., Abstr. Annu.
Meet. Jpn. Soc. Biosci. Biotechnol. Agrochem., p. 24, 2004). In this chapter, the
successful expression of potato GP protein in 4. niger was demonstrated. The
breakthrough that allowed development of a system for high expression of the GP
protein in A. niger was the redesigning of the primary DNA sequence of the gene.

In my early attempts, I failed to express the GP protein in 4. niger transformants
containing the wild-type GP gene (GP-wt). Northern blot analysis showed that the
reason was very low abundance of the mRNA. Given the fact that the GP-wt was
under control of the strong promoter in pNANS8142, the undetectable mRNA level
observed was almost certainly not due to effects on transcription initiation but instead
probably the result of post-transcription initiation effects, such as incorrect termination
of transcription and/or mRNA stability, which are related to the characteristic features of
the coding region. Previously, Miura et al. reported that the A+T-rich native a-amylase
gene from Sulfolobus solfataricus was expressed at very low levels in Candida utilis,
and they suggested that premature termination of the transcripts was responsible for the

low production (Miura et al. 1999). Similar results have been reported for the
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expression of A+T-rich genes in Saccharomyces cerevisiae and Pichia pastoris, wherein
protein expression could not be observed and Northern blotting revealed truncated
mRNAs (Romanos et al. 1991; Scorer et al. 1993). In my case, the A+T content of
GP-wt is significantly higher (57%) than of A. niger genes (44%), and there are many
A+T-rich stretches in GP-wt. A+T-rich sequences resembling a ‘terminator’ consensus
(AATAAA) might have functioned as fortuitous, aberrant polyadenylation sites in A.
niger, although truncated mRNAs were hardly detectable by Northern blot analysis.
Such truncated mRNAs with wild-type gene sequences may be unstable in 4. niger cells,
preventing their accumulation.

One other possible reason for the lack of detectable mRNA for GP-wt is a high
content of rare codons. It is generally accepted that rare codons can cause translational
problems, that is, ribosomal pausing created by rare codons may cause inhibition of
proper translation. The negative effects of rare codons on protein expression in E. coli,
such as a reduced amount of the synthesized protein, frameshifting, and in-frame
deletion of amino acids, have been reviewed by Kane (1995). Also, in filamentous
fungi, introduction of three rare codons into the glutamate dehydrogenase gene of
Neurospora crassa causes a 70% loss in protein production without affecting the mRNA
level (Kinnaird et al. 1991), suggesting the importance of proper codon usage for
effective translation. In addition, it is now well-established that the degradation of
certain mRNAs is tightly coupled to their translation (Hentze 1991). Translation
elongation can be interrupted when ribosomes reach a ‘translation pause site’ (Wolin
and Walter 1988). In some cases, it has been shown that rare codons can slow the
elongation rates along an mRNA, causing such a ribosomal pause, which can stimulate

mRNA degradation (Caponigro et al. 1993; Hennigan and Jacobson 1996; Lemm and
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Ross 2002). In these cases, it appears that a translational pause generates a
ribosome-deficient region downstream of the pause site, and this unprotected region is
exposed to endonuclease attack and/or other factors, such as mRNA-binding proteins,
that can influence mRNA stability. Little is known about the influence of rare codons
on mRNA stability in filamentous fungi. In the present case, the GP-wt contains many
rare codons (Table I.1), so its mRNA may be rapidly degraded through similar
mechanisms. Degradation of unusual mRNAs derived from heterologous species can
prevent the synthesis of unnecessary, sometimes harmful proteins, resulting in a
significant benefit to cell survival. Therefore, the regulation in mRNA level may be a
general phenomenon among eukaryotes.

It was suspected that redesigning the primary DNA sequence of GP gene would
solve these potential problems. The GP gene was reconstructed to reduce the AT
content and to change the codon preference to that favored in A. niger. The synthetic
GP gene (GP-syn) resulted in a dramatic increase in the level of both mRNA and protein
for GP, although it is possible that there still are limitations in both. The expression of
GP in A. niger using GP-syn accounted for as much as approximately 10% of the total
soluble protein. Future research should focus on the extracellular production of GP
protein, which should improve the efficiency of production in 4. niger and facilitate
purification. Furthermore, in such cases, the protease-deficient strain, also used in this
study as a host, should alleviate the problem of extracellular degradation of the secreted
GP protein.

An interesting question raised by the present data and some previous reports
(Romanos et al. 1991; Scorer et al. 1993) is what the differences are in mRNA 3’-end

formation among different eukaryotic species. In potato, S. tuberosum, GP-wt mRNA

-21 -



should be processed properly. If inappropriate, premature termination of the GP-wt
transcripts occurs in 4. niger cells, it could be due to different mechanisms of mRNA
3’-end formation. Further research is required to ascertain whether and how the
mechanisms of mRNA 3’-end formation can affect mRNA abundance.

In this chapter, it was demonstrated that redesigning of the potato GP gene can
lead to substantial improvement in its expression in 4. niger, although further research
is required to understand the precise mechanisms involved. It is expected that
redesigning the primary sequence of heterologous genes can be an effective strategy for

the expression of heterologous proteins in filamentous fungus Aspergillus species.
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Chapter 11

Improvement of heterologous protein expression by enhancing
translation efficiency mediated by the 5’ untranslated region in

Aspergillus oryzae

Introduction

In Chapter I, the coding region of a gene to be expressed was focused, and the
effect of codon optimization on the protein expression was investigated. In this
chapter, the efficiency of translation initiation mediated by the 5" untranslated region

(5'UTR) was addressed (Fig. II.1).

(1) | SN cap @ ¥ AUG

2) L]

©) L]

I 80S initiation
5°UTR complex

FIG II.1. The scanning model for initiation of translation in eukaryotes. (1) The 40S ribosomal
subunit is primed for initiating translation by binding of the ternary complex comprising elF2,
Met-tRNAI, and GTP. The resulting 43S preinitiation complex is recruited to the mRNA via
interactions with the elF4 factors (e[F4G/elF4A/elF4E) bound at or near the cap structure of the
mRNA. (2) The 43S complex then scans the 5'UTR to locate the initiator codon. (3) Finally,
initiation factors are released and the large (60S) ribosomal subunit joins to form an 80S ribosome.
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The main strategy for increasing the production of heterologous proteins has been
introducing the heterologous gene under the control of a strong promoter and/or cis
elements in filamentous fungi. In addition to increasing transcription, it is important to
maximize the amount of protein translated per unit of mRNA. In filamentous fungi,
the exact mechanism of translation initiation remains unknown, so the translation
process has often been either neglected or its importance for heterologous protein
expression has been underestimated. Therefore, little attention has been paid to the
5'UTR in expression vectors and there are few data on the role of the S'UTR in
translation efficiency. However, as a result of recent studies of higher eukaryotes and
yeast, it is generally accepted that the context of the translation initiation codon (AUG),
length of the 5'UTR, secondary structure, GC content, and upstream AUGs (uAUGs) or
upstream open reading frames (WUORFs) play important roles in determining the
translation rate (Kozak 1991a, b; Morris and Geballe 2000) (Fig. I1.2). Therefore, in
filamentous fungi, it is greatly desirable not only to elucidate the effect of the 5S’UTR on
translation efficiency, but also to develop a novel strategy to improve recombinant
protein yields with a 5'UTR that contributes to efficient translation.

In this chapter, the translation (initiation) component of gene expression was
focused in A. oryzae. It was investigated whether alteration of the 5’UTR of an
expression vector has a large influence on translation efficiency in 4. oryzae, using a
model B-glucuronidase (GUS) expression system. In such alterations, we used the
5'UTR of the enolase gene (enoA) derived from A4. oryzae, expecting positive effects on
translation efficiency, because this gene is known to be one of the most strongly

expressed genes in 4. oryzae (Machida et al. 1996).
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FIG. I1.2. General elements within 5'UTR that regulate translation in eukaryotes.

Materials and Methods

Strains and media A. oryzae niaD300, a niaD mutant derived from the
wild-type strain RIB40, was used as a recipient strain for transformation and was kindly
provided by Dr. J. R. Kinghorn (University of St Andrews, UK). E. coli DH5a was
used for construction and propagation of plasmids. The medium for fungal cultivation
in flasks was dextrin-peptone (DP), consisting of 2% (w/v) dextrin, 1% (w/v)
polypeptone (Polypepton; Nihon Pharmaceutical), 0.5% (w/v) KH,POs, and 0.05%
(w/v) MgSO4-7H,0.

Plasmid construction Starting vectors for construction of the expression
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vectors containing different 5’UTRs were pNAN8142 (Ozeki et al. 1996; Minetoki
2000) and pBI221 (Jefferson et al. 1987). pNANS8142 is a fungal high expression
vector containing the P-No8142 promoter for protein expression, the terminator region
of the 4. oryzae agdA gene, and the A. oryzae niaD gene for selection in A. oryzae.
The multiple cloning site is between the P-No8142 and the agdA terminator region (see
Fig. I.1 of Chapter I). pBI221 was used as a donor for the reporter gene, E. coli uidA,
encoding B-glucuronidase (GUS).

pPNANGS8142, used as a control expression vector, was constructed as follows: the
uidA gene was isolated as a 1.9-kb Sal/l-Xbal fragment from a derivative of pBI221 in
which the Smal site present upstream of the uidA initiation codon and the Sacl site
present downstream of the uidA4 stop codon were converted to a Sall site and a Xbal site,
respectively, with the corresponding linkers. This fragment was cloned into
Sall/Xbal-digested pNAN8142 (Sall and Xbal sites are located in the multiple cloning
site of the vector), resulting in pNANGS8142 (Fig. I1.3). The chimeric construct and
the S'UTR sequence of pNANGS8142 are shown in Fig. IL.5.

pPNANG-8142/enoUTR, in which the distal 14 bp of the 5S'UTR derived from the
P-No8142 promoter was replaced by the eno4 5'UTR, was constructed as follows: for
modification of the 5S'UTR, a Stul site was created 8 bp downstream of the uidA
translation initiation site with a two-nucleotide substitution by PCR. PCR was
performed with pNANG8142 as a template using the primers
5'-AGAAGGCCTGTAGAAACCCCAACCCGTGA-3' (bases mutated are the first and
third bases (A, G) in the Stul site, in italics) and
5'-TGTCTAGACACACAAACGGTGATACGTACAC-3' (the synthesized Xbal site is in

italics). The amplified 0.4-kb fragment, a portion of the uidA4 gene, was cloned into
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FIG I1.3. Construction of the plasmid pNANG8142 (see text for details).
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the Smal site of pUC19, resulting in pUC-uidA1 (Fig. I1.4). The enod 5'UTR was
amplified by PCR on 4. oryzae niaD300 genomic DNA using the primers
5'-ACTAAGCTTCTTCCGTCCTCCAAGTTAGTC-3' (the synthesized HindlIII site is in
italics) and 5'-CTTAGGCCTTAACATTTTGACGAGCTGCGGAATTG-3' (the
synthesized Stul site is in italics). The amplified 72-bp 5'UTR fragment of the eno4
gene contained its transcription start sites (Machida et al. 1996). This fragment was
digested with HindIll/Stul and cloned into HindIll/Stul-digested pUC-uidA1l, resulting
in pUC-uidA2 (Fig. I1.4). The 1.5-kb SnaBI-Xbal restriction fragment (a portion of
the uidA gene) from pNANGS8142 was cloned into SnaBl/Xbal-digested pUC-uidA2 to
obtain pUC-uidA3 (Fig. I1.4). Finally, the 1.9-kb HindIII (blunted) /Xbal restriction
fragment from pUC-uidA3, containing the eno4 S'UTR::GUS (uidA) chimeric gene
construct, was cloned into X#%ol (blunted) /Xbal-digested pNAN8142 to obtain
pNANG-8142/enoUTR (the ends were blunted by filling-in) (Fig. I1.4). The HindIIl
site (AAGCTT) was regenerated by this blunt-end ligation. The chimeric construct
and the 5'UTR sequence of pPNANG-8142/enoUTR are shown in Fig. IL.5.

pPNANG-8142UTR, containing the complete 5'UTR derived from the original
P-No8142 promoter, was constructed as follows: using pNAN8142 as a template, a
1.3-kb fragment, including the P-No8142 promoter and its complete 5S'UTR, was
amplified with the primers 5'-TAGCTGCAGCGGGATTGCCATTG-3' (Ps site is in
italics) and
5'-ACTAGGCCTTAACATGCTGACAGGGGAGTGTGCGCGATTGACGCGCAAGA
TAGAAAAGAAAGGTAC-3' (the synthesized Stul site is in italics). The amplified
fragment was digested with Ps#I/Stul and cloned into Pst1/Stul-digested

pPNANG-8142/enoUTR (replacement of the PstI-Stul fragment) to obtain
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pNANG-8142UTR. The 5'UTR sequence of pNANG-8142UTR are shown in Fig.
IL.5.

pNANG-enoUTR, in which most of the 5’UTR derived from the P-No8142
promoter was replaced by the enoA4 5'UTR, was constructed as follows: using
pNANS&142 as a template, a 1.2-kb fragment including the P-No8142 promoter and only
the first 15-bp of its 5’'UTR was amplified with the primers
5'-TAGCTGCAGCGGGATTGCCATTG-3' (Ps site is in italics) and
5'-ACTAAGCTTGAAGGGCAAGGAAGTGGGAGGA-3’ (the synthesized HindIlI site
is in italics). The amplified fragment was digested with PstI/HindIll and cloned into
Pstl/HindllI-digested pNANG-8142/enoUTR (replacement of the PstI-HindIIl
fragment) to obtain pPNANG-enoUTR. The 5'UTR sequence of pNANG-enoUTR are
shown in Fig. I.5.  All fragments obtained by PCR were sequenced completely to
exclude mutations within the sequences.

Fungal transformation Transformation of 4. oryzae was done by the method
of Gomi et al. (1987).

Southern blot analysis A. oryzae transformants were grown in DP medium
with shaking. Preparation of genomic DNA from the transformants was carried out as
described by Tsuchiya et al. (1992). Probe labeling and detection were done by use of
AlkPhos direct labelling and detection system (Amersham Biosciences).

Northern blot analysis A4. oryzae transformants were cultured in 15 ml of DP
medium for 40 h at 30°C with shaking, after which the mycelia were transferred into
fresh DP medium and cultured for 8 h. Then, total RNA was isolated with an ISOGEN
RNA isolation kit (Nippon Gene). Total RNA (10 pg) was separated on a

formaldehyde gel and transferred onto a Hybond-N" membrane (Amersham
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Biosciences), using the capillary transfer method. The entire uid4 fragment from
pPNANGS8142 was used as a probe. Probe labeling and detection were done by use of
AlkPhos direct labelling and detection system (Amersham Biosciences).

GUS assay A. oryzae transformants were cultured in 15 ml of DP medium at
30°C with shaking. After 40 h of cultivation, the mycelia were harvested and washed
with distilled water. Preparation of cell-free extracts of the transformants was done as
described by Tada et al. (1991). GUS activity of the cell-free extract was measured
according to Jefferson et al. (1986), using p-nitrophenyl glucuronide as the substrate.
One unit was defined as the amount of enzyme producing 1 nmol/min of p-nitrophenol
at 37°C. Total protein was determined with a protein assay kit (Bio Rad), using bovine
serum albumin as a standard.

SDS-PAGE analysis Electrophoresis was performed according to the method
of Laemmli (1970) in 10% polyacrylamide gels. Proteins were stained with

Coomassie brilliant blue R-250.

Results

Effect of the S'UTRs on GUS expression in A. oryzae To investigate whether
GUS protein expression in 4. oryzae is influenced by the mRNA 5'UTR sequence, four
expression vectors with different S'UTRs fused upstream of the E. coli gene encoding
GUS (uidA) were constructed (Fig. I1.5).  All four constructs used the strong promoter
P-No8142, which is derived from the No. 8AN promoter isolated from 4. niger (Ozeki
etal. 1996). First, the control expression vector pPNANGS8142, which contains most of

the 5'"UTR of the P-No8142 promoter as the cap-proximal side of the 5'UTR; and 17 bp
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of non-fungal sequence from pBI221 served as the distal portion of the 5S'UTR, was

constructed. Second, pNANG-8142UTR contained the complete 5’'UTR derived from

the original P-No8142 promoter. The remaining two vectors contained sequences

from the 5'"UTR of the 4. oryzae enolase gene (enoA), which is one of the most strongly

expressed genes in 4. oryzae (Machida et al. 1996). In pNANG-8142/enoUTR and

PNANG-enoUTR, part of the P-No8142 5'UTR or nearly all of this 5'UTR, respectively,

was replaced by the eno4 5'UTR. It was confirmed that no uAUGs or uORFs were

introduced within the 5'UTRs of these constructs, because such sequences can hamper

translation initiation of the main ORF in eukaryotes (Kozak 1991b; Morris and Geballe

2000), including filamentous fungi (Vilela and McCarthy 2003).

pNANG8142

pPNANG-8142UTR

pNANG-8142/enocUTR

PNANG-enoUTR

+1 Stul
> ATGTTAAGGCCT - - -
| P-Nog142 GUS | T-agdA |

ACTTCCTTGCCCTTCCCCCCCCTCCCACCTCCCTACCCATTGAGCAGATTTTTCCCTCCTCCTTCCCTCTCTCCCCCCTGTACCTTT

P-No8142 5'-UTR Xhol  Sall pBI221 5-UTR
ACTTCCTTGCCCTTCCCCCCCCTCCCACCTCCCTACCCATTGAGCAGATTTTTCCCTCCTCCTTCCCTCTCTCCCCCCTGTACCTTT

P-No8142 5'-UTR

ACTTCCTTGCCCTTCCCCCCCCTCCCACCTCCCTACCCATTGAGCAGATTTTTCCCTCCTCCTTCCCTCTCTCCCCCCTGTACCTTT

Hindll enoA 5-UTR

ACTTCCTTGCCCTTCAAGCTTCTTCCGTCCTCCAAGTTAGTCGACTGACCAATTCCGCAGCTCGTCAAA
enoA 5-UTR

FIG. IL.5.  Structure of the promoter (P-No8142)::5"UTR::GUS chimeric gene constructs and their
entire S'UTR sequences. T-agdA is the transcriptional terminator from the 4. oryzae agd4 gene. An
arrow indicates the major transcription start site determined by RNA ligase-mediated rapid
amplification of 5' cDNA ends (data not shown). Translation of all constructs starts from the AUG
initiation codon of the GUS gene. Sequences derived from the P-No8142 5'UTR are indicated by
broken lines. Relevant restriction sites in the plasmids are indicated (see text for details).
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These plasmids were introduced into the A. oryzae niaD300 chromosome by
means of niaD-based homologous recombination. Transformants having one copy of
the plasmid at the niaD locus were selected by Southern blot analysis (data not shown).
These transformants were subjected to GUS assay. Figure I1.6A shows the specific
GUS activity of the transformants containing the different 5'UTR constructs.
Alterations in the 5'UTR, including partial or nearly complete replacement of the S'UTR,
significantly affected GUS protein expression with no change in the cellular growth rate.
GUS activity was strongly increased in transformants containing pNANG-8142UTR,
pNANG-8142/enoUTR, and pNANG-enoUTR, compared with the control expression
vector pPNANGS8142. Approximately 4-fold higher GUS activity was observed with
pNANG-8142UTR and pNANG-8142/enoUTR and 8-fold higher with
pNANG-enoUTR. The GUS activity resulting from this construct (40,000 units/mg
protein) was approximately 40-fold higher than the activities reported previously for
widely used strong promoters, such as the amyB promoter (Tada et al. 1991) and the
glaA promoter (Hata et al. 1992). Figure I1.6B shows a SDS-PAGE analysis of
cell-free extracts. As expected, there was good correlation between the amount of
GUS protein seen in the gel and the enzyme activity.

The S'UTR-specific enhancement is post-transcriptional To investigate
whether the enhancements in GUS activity mediated by these 5’'UTR constructs resulted
from transcriptional or post-transcriptional effects, we determined the levels of GUS
transcripts in the transformants harboring these 5'UTR constructs (Fig. I1.6C). The
levels of GUS transcripts were the same for all transformants. This indicates that the
enhancements in GUS activity were not due to increased transcription or increased

mRNA stability. In addition, alterations in the 5’'UTR in these plasmids did not cause
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FIG. II.6. Effect of the 5"UTRs on translation efficiency in 4. oryzae. (A) GUS activity of
transformants containing the different S'UTR constructs.  Values are the means of three independent
experiments; and error bars represent the standard deviation. (B) SDS-PAGE analysis of cell-free
extracts. The cell-free extracts were the same as those used for the GUS assays in (A). Each lane
was loaded with 10 pg of protein.  The positions of the molecular mass markers are shown on the
right. Lanes 1-4 correspond to pNANG8142, pNANG-8142UTR, pNANG-8142/enoUTR, and
PNANG-enoUTR, respectively. (C) Northern blot analysis of GUS transcripts. Ethidium
bromide-stained ribosomal RNA is shown as a loading control. Lanes 1-4 correspond to
pNANGS8142, pNANG-8142UTR, pNANG-8142/enoUTR, and pNANG-enoUTR, respectively.
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any change in the amino acid sequence of the GUS protein (Fig. II.5). Thus, it is very
likely that the S'UTRs in pNANG-8142UTR, pNANG-8142/enoUTR, and
pNANG-enoUTR enhanced GUS expression by enhancing translation.

GUS overproduction in a transformant carrying multiple copies of
PNANG-enoUTR As shown in Fig. I1.6A, the eno4 5'UTR construct
(PNANG-enoUTR) dramatically enhanced translation in 4. oryzae. To further
examine the ability of this 5"UTR construct to direct GUS overproduction in 4. oryzae,
a transformant, strain AO9-pNANG-enoUTR, carrying 4 or 5 copies of
pNANG-enoUTR, was isolated according to Southern blot analysis. The growth rate
of the strain AO9-pNANG-enoUTR was similar to that of the recipient strain. When
grown on DP medium for 40 h, the strain AO9-pNANG-enoUTR produced remarkably
high GUS activity (Fig. [1.7A). GUS production was also examined by SDS-PAGE
analysis (Fig. II.7B). Quantification of GUS protein in the gel using the public domain
ImagelJ program (http://rsb.info.nih.gov/ij/) indicated that GUS made up more than 50%
of the total soluble protein in this strain.  This is the highest level of GUS production

ever reported in filamentous fungi.
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Strain Plasmid GUS activity
copy number  (U/mg protein)
Recipient - <0.1

AO9-pNANG-enoUTR 4-5 161,000 * 15,200

B 1 2 kDa

94
67

43

30

FIG. II.7. GUS overproduction in a transformant carrying multiple copies of pNANG-enoUTR.
(A) GUS activity of the transformant (AO9-pNANG-enoUTR). GUS activity is presented as the
mean value and the standard deviation from three independent measurements. Plasmid copy number
was determined by Southern blot analysis. (B) SDS-PAGE analysis of cell-free extracts. The
cell-free extracts were the same as those used for the GUS assays in (A). Each lane was loaded with
10 pg of protein. Lane 1, recipient strain; lane 2, AO9-pNANG-enoUTR.

Discussion

In this chapter, it was investigated whether the 5’UTR of mRNA has a large
influence on translation efficiency in A. oryzae. Using the GUS reporter gene assay,
various constructs containing the same P-No8142 promoter with different S'UTR
sequences were analyzed. Alterations in the 5'UTR significantly affected GUS protein
expression.  Although there is a possibility either that transcription might be
up-regulated through the binding of frans-factors to cis-elements within the 5S’UTR or

that mRNA stability may be enhanced, no significant difference was detected in the
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level of GUS transcripts among all constructs. These results clearly show that the
enhancements in expression were due to an increase in translation efficiency.

How did the alterations in the 5’UTR enhance the translation efficiency?
Characteristics of the 5’'UTR reported to affect translation efficiency include length,
start-site consensus sequences, GC content, and secondary structure (Kozak 1991b).
Statistically, 5"UTRs that enable efficient translation in eukaryotes are short (Kochetov
et al. 1998), although recognition of the first AUG codon may be impaired if it is
positioned too close to the cap because scanning ribosomes are likely to bypass it
(Kozak 1991b). There are, however, exceptions to this generalization. For example,
extending the S'UTR from 41 bases to 69 bases resulted in a 10-fold increase in reporter
activity in tobacco protoplasts (Dansako et al. 2003). In the present study, the highest
GUS activity was conferred by the shortest 5’UTR tested: pPNANG-enoUTR (5'UTR 69
bases long), which conferred about 8-fold higher GUS activity compared with
pNANGS8142 (145 bases). However, the GUS activity resulting from the longest
5'UTR (174 bases, in pPNANG-8142/enoUTR) was about 4-fold higher than that from
pPNANGS8142. Thus, the translational enhancements cannot be explained simply by
differences in 5S'UTR length.

The most likely explanation is context effects on AUG codon recognition. The
efficiency with which the 43S preinitiation complex recognizes the AUG codon depends
on the nucleotides surrounding that codon (Kozak 1986). A consensus sequence is
GCCA/GCCaugG for vertebrates (Kozak 1987), and A/UAA/CAA/CAaugUCU/C for
yeast (Hamilton et al. 1987). The most highly conserved position within these
consensus sequences is the purine, usually A, in position —3 (3 nt upstream of the AUG

codon, which covers positions +1 to +3). The importance of the —3 position was tested
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in yeast by substituting C, G, and U for the A at the —3 position in the CYC7 gene (Yun
etal. 1996). With AAC (sequence in front of the AUG codon) designated as 100%, the
relative levels of translation for A:G:C:U were 100:93:70:54. In contrast, the context
in higher eukaryotes can modulate translation at least 10-fold (Kozak 1986). In
filamentous fungi, UCAA/CA/CaugG/U has been reported as a consensus (Ballance
1986). Recent database survey of more than 100 4. oryzae gene and mRNA sequences
(including hypothetical genes) revealed that —3 A and —4 C were highly conserved and
the other positions were less conserved (data not shown), suggesting that —3 A and —4 C
are important for efficient recognition of the AUG codon in 4. oryzae. In this study,
pNANG-8142UTR, pNANG-8142/enoUTR, and pNANG-enoUTR have the consensus
sequence at both —3 and —4, whereas pPNANGS8142, which conferred much lower GUS
activity, has a C at —3. This observation suggests that the presence of 4. oryzae
consensus sequences surrounding the AUG codon contributed to efficient translation.
One other possible explanation is RNA secondary structure. Secondary structure
between the cap and AUG codon can inhibit translation initiation. It is suggested that
such structure impedes binding or scanning of the 40S ribosomal subunit (Kozak
1991b). The secondary structure of each 5'UTR used in this study was predicted by
computer analysis with the mfold program (Zuker 2003), and the free energy value (AG)
was calculated (Table II.1). The 5'UTR which had the lowest stability in its secondary
structure showed the highest GUS activity (Fig. I1.6A). This observation is in
agreement with the generally accepted view that the removal of secondary structures

within the 5'UTR often results in higher translation.
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TABLE II.1. Structural features of the 5’UTRs used in this study

Plasmid 5'UTR

Length (bases) GC content (%) AG? (kcal/mol)
PNANG8142 145 59 —27.2
pNANG-8142UTR 130 58 -12.0
pPNANG-8142/enoUTR 174 55 -21.0
pNANG-enoUTR 69 51 -5.0

*Free energy of the secondary structure. mRNA secondary structure prediction was performed with the
mfold program ver. 3.1 (Zuker 2003), using default settings.

In addition to above-mentioned explanations, there are some other possibilities to
account for the enhancement obtained. Compared with pNANG-8142/enoUTR,
PNANG-enoUTR had a deletion of 105 bp of P-No8142 5'UTR; and it conferred GUS
activity about 2-fold higher. The enhancement of translation obtained by deletion of
part of the P-No8142 5'UTR suggests that the original P-No8142 5'UTR may contain
specific sequences or structures that function as binding sites for regulatory proteins that
decrease translation efficiency. The P-No8142 promoter is a derivative of the No.

8 AN promoter isolated as a strong promoter from A. niger, although it is unknown what
gene is expressed under the control of this promoter (Ozeki et al. 1996). The
P-No8142 promoter has a long C+T-rich motif just downstream of the transcription start
site (Fig. I1.5).  Such C+T-rich motifs are often found in highly expressed genes in
Aspergillus species and they may contribute to efficient transcription. In addition, the
present results raise the possibility that the C+T-rich motif within the 5"UTR may
decrease translation efficiency.

Taken together, these results suggest that length, AUG context, secondary

structure, and putative regulatory sequences may contribute cooperatively to overall
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translation efficiency.

In eukaryotes, it is generally accepted that translation initiation is an important
step in both global and mRNA-specific gene regulation. However, in filamentous
fungi, not even the basic mechanism of translation initiation is known; and, so, little
attention has been paid to the efficiency of translation initiation in heterologous gene
expression. In this study, using a model GUS expression system, it was demonstrated
that the 5'UTR of mRNA plays an important role in determining the translation
efficiency in 4. oryzae, although additional work is required to elucidate the exact
mechanisms underlying this phenomenon. Furthermore, from a comparison of
pNANG-8142UTR and pNANG-enoUTR (Fig. II.6A), it is speculated that the eno4
5'UTR can promote translation initiation more effectively than the P-No8142 5'UTR
and that the 5"UTRs of specific genes may serve as important regulators of gene
expression in 4. oryzae.

To my knowledge, this is the first report of alterations in a 5’UTR increasing
translation efficiency of a heterologous gene in filamentous fungi. The findings

provide a novel approach for improving recombinant protein yield in filamentous fungi.
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Chapter 111

Effect of the 5’ untranslated region of the HSp12 gene on translation

efficiency in Aspergillus oryzae

Introduction

In Chapter II, it was demonstrated that the S'UTR plays an important role in
determining translation efficiency in the filamentous fungus 4. oryzae and that it is
feasible to improve recombinant protein yield by promoting translation initiation.
Finding 5'UTRs that strongly increase translation efficiency would allow the
development of a stronger expression system. In plants, Dansako et al. (2003) showed
that the 5'UTRs of several Arabidopsis heat-shock protein (Hsp) genes contribute to
efficient expression of a foreign gene by enhancing translation. In this chapter, it was
investigated whether the 5'UTRs of the fungal Hsp genes possess the ability to enhance

gene expression at the translational level in 4. oryzae.

Materials and Methods

Strains and media A. oryzae niaD300 was used as a recipient strain for
transformation (see Materials and Methods of Chapter II). E. coli DH5a was used for
construction and propagation of plasmids. The medium for fungal cultivation in flasks
was dextrin-peptone (DP) (see Materials and Methods of Chapter II).

Hsp 5'UTR sequences employed in this study The 4. oryzae EST database
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(http://www.aist.go.jp/RIODB/ffdb/index.html) (Machida 2002) was searched using the
BLAST algorithm for cDNA sequences showing high homology to the Saccharomyces
cerevisiae HSP12 gene (GenBank accession number X55785), the Aspergillus nidulans
Hsp30 gene (GenBank accession number D32070), and the Neurospora crassa Hsp70
gene (GenBank accession number U10443).  This search yielded three candidate
sequences: a putative Hsp12 gene, a putative Hsp30 gene (the complete mRNA
sequence was recently submitted to GenBank by Matsushita et al. with accession
number AB126868), and a putative Hsp70 gene. Next, from the EST (cDNA)
sequence data, the 5’UTRs of each gene were predicted. These putative 5'UTR
sequences were amplified by PCR from 4. oryzae niaD300 genomic DNA using the
following primer pairs:
5'-TAGAAGCTTATCAATTTCGACAAGACAAACAAACAAATC-3' (an added
HindIll site is in italics) and 5'-ACTAGGCCTTAACATGTTTGCGAGTGGTTTG-3’
(added Stul site in italics) for the Hspl2 5'UTR;
5'-TAGAAGCTTATCAGAACAACAACAATCAAACAC-3' (added Hindlll site in
italics) and 5'-ACTAGGCCTTAACATTTTGGCTGTGTGTTGA-3' (added Stul site in
italics) for the Hsp30 5'UTR; and
5'-TAGAAGCTTACTCACTTGGTCTCATCCTCTATAG-3' (added HindIlI site in
italics) and 5'-ACTAGGCCTTAACATTGTGAAAAGAGTAGGAG-3' (added Stul site
in italics) for the Hsp70 5S'UTR. All fragments obtained by PCR were sequenced
completely to exclude mutations within the sequences.

Construction and transformation of GUS expression vectors containing
different S’UTRs The starting vector for construction of the expression vectors was

pPNANG-enoUTR (described in Chapter II) (Fig. III1.1A), which contains the strong
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promoter P-No8142, the 4. oryzae enoA 5'UTR, and the E. coli uidA gene, encoding
B-glucuronidase (GUS), as reporter.

For construction of pNANG-hsp12UTR containing the Hsp/2 5'UTR, the
PCR-amplified fragment of the Hsp/2 5'UTR described above was digested with
HindIll/Stul and cloned into HindIIl/Stul-digested pNANG-enoUTR for replacement of
the 5'"UTR sequence (Fig. III.1B). pNANG-hsp30UTR, containing the Hsp30 5'UTR,
and pNANG-hsp70UTR, containing the Hsp70 5'UTR, were made similarly (Fig.
[I.1B).

Transformation of 4. oryzae was done as described in Materials and Methods of
Chapter II.

Southern blot analysis Southern blot analysis was done as described in
Materials and Methods of Chapter II.

Northern blot analysis 4. oryzae transformants were cultured in 15 ml of DP
medium for 40 h at either 30°C or 37°C with shaking. Then, total RNA was isolated
with an ISOGEN RNA isolation kit (Nippon Gene). Total RNA (10 pg) was separated
on a formaldehyde gel and transferred onto a Hybond-N" membrane (Amersham
Biosciences), using the capillary transfer method. The entire uid4 fragment from
pNANG-enoUTR was used as a probe. Probe labeling and detection were done as
described in Materials and Methods of Chapter II.

GUS assay A. oryzae transformants were cultured in 15 ml of DP medium at
either 30°C or 37°C with shaking for 40 h. Preparation of cell-free extracts and GUS
assay of the transformants were done as described in Materials and Methods of Chapter

II.
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Results

The Hspl2 S'UTR increases GUS protein expression in A. oryzae To

investigate whether the 5'UTRs of the 4. oryzae Hsp genes can increase the efficiency

of exogenous protein expression, a series of 5'UTR::GUS (uidA4) fusions having

different S'UTRs derived from Hsp genes was constructed (Fig. II[.1B). As control

(nonheat-shock) 5'"UTR constructs, three expression vectors, pPNANG8142,

A pPNANG8142

PNANG-8142UTR

PNANG-enoUTR

B PNANG-hsp12UTR
PNANG-hsp30UTR

pNANG-hsp70UTR

FIG. III.1.

+1 Stul
> ATGTTAAGGCCT - - -
| P-Nog142 GUS | T-agdA |

/\

ACTTCCTTGCCCTTCCCCCCCCTCCCACCTCCCTACCCATTGAGCAGATTTTTCCCTCCTCCTTCCCTCTCTCCCCCCTGTACCTTT
ACCTCGAGGTCGACCGGGTGGTCAGTCCCTT

P-No8142 5'UTR Xhol  sall pBI221 5'UTR

ACTTCCTTGCCCTTCCCCCCCCTCCCACCTCCCTACCCATTGAGCAGATTTTTCCCTCCTCCTTCCCTCTCTCCCCCCTGTACCTTT

P-No8142 5'UTR

ACTTCCTTGCCCTTCAAGCTTCTTCCGTCCTCCAAGTTAGTCGACTGACCAATTCCGCAGCTCGTCAAA

Hindlll

enoA 5'UTR
Hindlll
ACTTCCTTGCCCTTCAAGCTTATCAATTTCGACAAGACAAACAAACAAATCACAACTACTCTACCAATTACTACTCCTTTAACCACT
TTCTACCTTTTACCAAACCACTCGCAAAC Hspl2 5'UTR
Hindlll

ACTTCCTTGCCCTTCAAGCTTATCAGAACAACAACAATCAAACACAAGAACACAACAGCAATCGACTACAGACCAAATACCTCTTTC

CACTACTACTTCTATCAAAACAAACTTGCCTCTGTTTACTCTCTTAAACAACCTACCTCAACACACAGCCAAA

Hsp30 5'UTR
Hindlll
ACTTCCTTGCCCTTCAAGCTTACTCACTTGGTCTCATCCTCTATAGAACAGGAGACTGCTACTCTGTACATTACCTGAACACTTTGA
TTCCCCCTCCGTTACGAATTCCGTTCCTCTCTTATCTCATTTTTTAAACGAATTACCCCTCCTACTCTTTTCACA
Hsp70 5'UTR

Structure of the chimeric gene constructs and their S'UTR sequences. The promoter is

P-No8142. T-agdA is the transcriptional terminator from the 4. oryzae agdA gene. An arrow
indicates the major transcription start site determined by RNA ligase-mediated rapid amplification of
5" cDNA ends (data not shown). Translation of all constructs starts from the AUG initiation codon of

the GUS gene.

Sequences derived from the P-No8142 5'UTR are indicated by broken underlining.

Relevant restriction sites in the plasmids are indicated. (A) Sequences of the nonheat-shock 5S"UTR
constructs. (B) Sequences of the Hsp 5'UTR constructs.
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pNANG-8142UTR, and pNANG-enoUTR were used (Fig. III.1A, also see Chapter II).
pPNANGS8142 contained most of the S'UTR of the P-No8142 promoter as the
cap-proximal side of the 5'UTR; and 17 bp of non-fungal sequence from pBI221
(Jefferson et al. 1987) served as the distal portion of the SUTR. pNANG-8142UTR
contained the complete 5'UTR derived from the original P-No8142 promoter.
pNANG-enoUTR contained sequences from the S’'UTR of the A. oryzae enolase gene
(enoA), which is one of the most strongly expressed genes in 4. oryzae (Machida et al.
1996). All these constructs contained the strong promoter P-No8142.

These plasmids were introduced into the A. oryzae niaD300 chromosome by
means of niaD-based homologous recombination. Transformants having one copy of
the plasmid at the niaD locus were selected by Southern blot analysis (data not shown).

Hsp proteins are known to be transiently induced under a wide variety of stress
conditions to protect cells against the stress, so the 5S'UTRs of the Hsp genes may
function more effectively under stressful conditions such as heat shock. Therefore, the
effect of these Hsp 5'UTRs on GUS expression was examined at different temperatures.
Figure II1.2A shows the specific GUS activity of the transformants containing the
different 5’'UTR constructs at 30°C and 37°C. In all transformants, the amounts of
total soluble protein per cell were similar between both temperature conditions,
although the growth rates were a little slower at 37°C than at 30°C. At both normal
(30°C) and high (37°C) temperatures, GUS activity strongly depended on the type of
5'UTR. The Hsp 5'UTRs, especially Hspl2 and Hsp30 5'UTRs, strongly enhanced
GUS expression at both temperature conditions. Interestingly, the highest GUS
activity was observed with the Hsp12 5'UTR construct (pNANG-hsp12UTR) at 37°C;

expression was increased about 20- and 1.7-fold compared to the nonheat-shock control
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FIG III.2. Effect of the 5’UTRs on translation efficiency in 4. oryzae at different temperatures.
(A) GUS activity of transformants containing the different 5S'UTR constructs at 30°C (white) and 37°C
(gray). Values are the means of three independent experiments, and error bars represent the standard
deviation. (B) Relative GUS mRNA levels of transformants containing the different 5S'UTR
constructs at 30°C (white) and 37°C (gray). RNA was isolated from the same mycelia samples used
for GUS assay in (A) and assayed by Northern blot. GUS mRNA levels for each construct were
quantified using the public domain ImageJ program (http://rsb.info.nih.gov/ij/) and normalized to the
intensity of the corresponding 18S rRNA band. GUS mRNA levels were calculated relative to the
average value of pPNANGS8142 at 30°C.  Values are the means of three independent experiments, and
error bars represent the standard deviation. (C) Relative translation efficiency of the different
mRNAs (5'UTR constructs) at 30°C (white) and 37°C (gray). The relative translation efficiency
(GUS activity/mRNA) was calculated as the ratio of relative GUS activity to relative GUS mRNA
level (shown in (A) and (B), respectively), with the efficiency of pPNANGS8142 at 30°C defined as 1.0.
Values represent data from three determinations, and error bars represent standard deviations.
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constructs pPNANG8142 and pNANG-enoUTR, respectively. The level of GUS
productivity resulting from this construct (83,000 units/mg protein) was similar to that
reported quite recently with the sodM promoter (Ishida et al. 2004) and is the highest
level ever reported in filamentous fungi for a transformant with a single copy of the
GUS expression cassette.

High expression at 37°C mediated by the Hsp12 5'UTR is due to efficient
translation The Hspi2 and Hsp30 5'UTRs may have increased GUS expression by
transcriptional activation, stabilization of the transcripts, and/or elevation of translation
efficiency. To assess the translation efficiency of the mRNAs containing different
5'UTRs, the levels of GUS transcripts in the transformants harboring these 5S'UTR
constructs were determined (Fig. II1.2B), and relative translation efficiencies were
calculated (see the legend in Fig. II1.2C). At 30°C, as seen in Fig. I11.2B, GUS
transcript abundance was slightly affected by the S'UTR (up to 1.4-fold). Translation
efficiency, however, was much more strongly affected by the 5’'UTR (Fig. II1.2C). At
30°C, the Hsp12 5'UTR construct ()NANG-hsp12UTR) and the Hsp30 5'UTR
construct (pNANG-hsp30UTR) had approximately eightfold higher translation
efficiency compared to that for pPNANG8142 and were slightly higher than that for
pPNANG-enoUTR. Thus, both increased mRNA abundance, and higher translation
efficiencies contributed to efficient expression of GUS protein at 30°C mediated by the
Hsp12 and Hsp30 5'UTRs.  Furthermore, pNANG-hsp12UTR and
pNANG-hsp30UTR displayed a significant increase (approximately twofold) in the
translation efficiency at 37°C compared to 30°C, whereas for the other constructs, the
translation efficiencies at 37°C were very similar to or only slightly higher than those at

30°C (Fig. II1.2C). These results apparently indicate that increased translational
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efficiency at elevated temperature (37°C) accounts for the much more efficient
expression of GUS protein mediated by the Hsp/2 and Hsp30 5'UTRs seen in Fig.

II1.2A.

Discussion

What is the mechanism for more efficient translation at the elevated temperature
observed with the Hsp/2 and Hsp30 5'UTRs? The simplest explanation is that
increased temperature alters the RNA structure. It is generally accepted that secondary
structure in the S'UTR largely affects translation efficiency. The Hsp2 and the Hsp30
5'UTRs have comparatively high AT content, and the stability of secondary structure at
37°C predicted with the mfold program (Zuker 2003) is lower than that of the other
5'UTRs (data not shown). As aresult, it is possible that such structural change might
make the 5'UTRs more accessible to ribosomes and/or facilitate ribosome ‘scanning’
compared to the other 5’UTRs at 37°C. Recent studies in bacteria revealed that mRNA
secondary structure can act as a direct temperature sensor, with conformational change
in the mRNA regulating translation (Morita et al. 1999; Johansson et al. 2002).

Further work is required to elucidate whether and how temperature-dependent structural
change in the 5'UTR affects translation in filamentous fungi. In addition, the predicted
stability of secondary structure of 5'UTRs does not always correlate well with the
translation efficiency, suggesting that the translation efficiency cannot be explained by
the 5S'UTR secondary structure alone. Another possible explanation for the higher
translation efficiency at 37°C is that temperature-specific factors may interact with

regulatory sequences or structures within the Hsp/2 5'UTR and the Hsp30 5'UTR.
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Interestingly, the Hsp/2 5'UTR and the Hsp30 5'UTR have several A+C-rich stretches
(Fig. IIL.3).  Such sequences may function as cis-elements that contribute to efficient
translation at 37°C.  Additional work, such as point mutation analysis and deletion

analysis, will give us information on the molecular mechanisms involved.

Hspl2 ATCAATTTCGACAAGACAAACAAACAAATCACAACTACTCTACCAATTACTACT
5'UTR CCTTTAACCACTTTCTACCTTTTACCAAACCACTCGCAAACATG

Hsp30 ATCAGAACAACAACAATCAAACACAAGAACACAACAGCAATCGACTACAGAC
5UTR CAAATACCTCTTTCCACTACTACTTCTATCAAAACAAACTTGCCTCTGTTTAC
TCTCTTAAACAACCTACCTCAACACACAGCCAAAATG

FIG. III.3. Sequences and putative motifs in the Hspl2 and Hsp30 5'UTRs (see text).

In addition to above-mentioned explanations, there are some other possibilities to
account for the translational enhancement obtained with the Hsp/2 and the Hsp30
5'UTRs. The majority of eukaryotic mRNAs initiate translation by a cap-dependent
mechanism ‘ribosome scanning’ (Kozak 1989). However, translation of some mRNAs
can occur in a cap-independent manner termed ‘internal ribosome entry site
(IRES)-dependent translation’ (Hellen and Sarnow 2001). It was reported that some
types of IRES are activated under heat shock stress (Kim and Jang 2002), although it is
not clear how heat shock enhances internal ribosomal initiation directed by IRES
elements. An interesting question raised by the present data is whether the Hsp/2 and

the Hsp30 5'UTRs have an IRES-like element to mediate cap-independent translation
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that contributes to efficient translation at 37°C. Traditionally, the 5UTRs containing
IRES usually have significant secondary structure spanning approximately over several
hundred bases and punctuated by multiple uUAUGs.  On the other hand, the Hsp/2 and
the Hsp30 5'UTRs are relatively short and do not form a stable secondary structure
(data not shown). In addition, IRES-dependent translation has rarely been documented
in filamentous fungi. Therefore, further work is required not only to confirm the
hypothesis in the case of the Hsp 5'UTRs, but also to provide significant new insight
into regulatory mechanisms of gene expression in filamentous fungi.

In this chapter, it was demonstrated that the Hsp/2 and the Hsp30 5'UTRs
strongly enhanced the translation efficiency of the chimeric GUS mRNA compared to
the control, nonheat-shock 5'UTRs at 30°C. A further observation is that temperature
had differential effects on translation efficiency of different mRNAs, and the enhanced
translation at elevated temperature (37°C) mediated by the Hsp12 and Hsp30 5'UTRs
contributed to much more efficient expression of GUS protein. This phenomenon,
previously unrecognized in filamentous fungi, may be an important posttranscriptional
mechanism in the regulation of fungal gene expression. It is noted that the data
obtained in this study should be interpreted with caution. The 5'UTR sequences used
in this study were predicted from A. oryzae EST database (Machida 2002), and may not
contain entire (full-length) 5’'UTR sequence of the corresponding mRNAs if there was
truncation of the full-length mRNA and/or incomplete synthesis by reverse transcriptase
during cDNA preparation. Thus, translational characteristics of the full-length 5'UTRs
may differ from those used in this study. Future research should focus on the nature of
this phenomenon to elucidate the mechanisms of posttranscriptional regulation of gene

expression in filamentous fungi.
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Rapid regulation of Hsp expression must be crucial for cells to adapt to heat and
other environmental stresses. Efficient translation mediated by the Hsp S'UTRs may
contribute to such rapid control of gene expression. The 5'UTRs of several
Arabidopsis Hsp genes also contribute to efficient translation (Dansako et al. 2003). In
the light of these results, it is possible that enhancement of translation mediated by the
Hsp 5'UTRs might be a general phenomenon that is widely retained among eukaryotes,
although the other various Hsp 5'UTRs should be tested.

Lastly, it is expected that these Hsp S'UTRs, especially the Hsp/2 5'UTR, could
be used in combination with strong promoters to improve foreign gene expression in A.

oryzae.
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Conclusion

The aim of this study was to investigate the possibility of enhancing heterologous
protein expression by improvement of posttranscription initiation events in filamentous
fungi.

In Chapter I, the coding region of a gene to be expressed was focused, and the
effect of codon optimization on the expression of a heterologous protein was
investigated in A. niger, using potato a-glucan phosphorylase (GP) as a model protein.
In the early attempts, expression of the wild-type GP gene (GP-wt) was inhibited at the
mRNA level. Given the fact that the GP-wt was under control of the strong promoter
in pPNANS8142, the undetectable mRNA level observed was almost certainly not due to
effects on transcription initiation but instead probably the result of post-transcription
initiation effects, such as incorrect termination of transcription and/or mRNA stability,
which are related to the characteristic features of the coding region. It was found that
there were large differences between the most frequently used codons in GP-wt and A.
niger genes and that there were many codons in the entire sequence that are extremely
rare (fraction < 10%) in 4. niger. Additionally, it was found that the A+T content was
significantly higher in GP-wt (57%) than in 4. niger genes (44%), so GP-wt contained
many A+T-rich stretches that resemble a ‘terminator’ consensus (AATAAA).
Therefore, it was suspected that the lack of detectable mRNA was due, in part, to the
high content of rare codons and/or premature termination of the transcripts. To
overcome these possible problems, an optimized synthetic gene (GP-syn) was designed.
Use of 4. niger-preferred codon usage and lower A+T content in a synthetic gene

(GP-syn) resulted in a significant improvement in the level of the GP mRNA and a
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dramatic increase in the quantity of GP protein produced such that it accounted for
approximately 10% of the total soluble protein. These results suggest that redesigning
the primary DNA sequence encoding a desired protein product can be an extremely
effective method for improving heterologous protein production in filamentous fungi.

In Chapter II, I focused on the translation initiation step mediated by the S'UTR
and investigated whether alteration in the 5S'UTR of an expression vector has a large
influence on translation efficiency in A. oryzae. Using the GUS reporter gene assay,
various constructs containing the same P-No8142 promoter with different S'UTR
sequences were analyzed. Alterations in the 5'UTR, including partial or nearly
complete replacement of the 5'UTR, resulted in an increase in GUS activity of up to
eight-fold, without affecting mRNA levels. These results clearly show that the
enhancements in GUS expression were due to an increase in translation efficiency and
that the 5'UTR plays an important role in determining translation efficiency in 4. oryzae.
Moreover, using the most effective S’'UTR construct, remarkable intracellular
overproduction of GUS protein was achieved; and the GUS level reached more than
50% of the total soluble protein. This is the first experimental evidence that indicates
the feasibility of improving recombinant protein yield by promoting translation
initiation in filamentous fungi.

In Chapter 111, it was investigated specifically whether the 5’UTRSs of 4. oryzae
Hsp genes can increase the efficiency of expression of a foreign gene by enhancing
translation. Using a series of 5S’UTR::GUS (uidA4) fusion constructs, the translation
efficiency of chimeric mRNAs with different 5"UTRs was analyzed at different
temperatures. It was found that the 5'UTR of a heat-shock protein gene, Hsp12,

greatly enhanced the translation efficiency of the chimeric GUS mRNA at normal
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temperature (30°C). A further observation was that temperature had differential effects
on translation efficiency of different mRNAs containing different SUTRs. At high
temperature (37°C), the translation efficiency of the mRNA containing the Hsp 12
5'UTR was far superior to that of mRNAs containing nonheat-shock 5’"UTRs, resulting
in much more efficient expression of GUS protein (about 20-fold higher GUS activity
compared to the control construct). This 5'UTR can be used in combination with
various strong promoters to enhance the expression of foreign proteins in 4. oryzae.

The processes involved in protein expression are highly complicated, and future
research on each aspect of protein expression will lead to the elimination of limitations
in heterologous protein production in filamentous fungi. ~As demonstrated in this study,
the novel strategies for expressing heterologous proteins has been established with
improved characteristics at the level of posttranscription initiation in Aspergillus species.
These strategies should be applied extensively for heterologous protein expression in
filamentous fungi, and will be able to contribute to biotechnological industry, such as
the production of pharmaceutical drugs and enzymes. [ am now trying to produce
various useful enzymes using these strategies. In Fig. 1, I summarize the mentioned
strategies by presenting the construction of an efficient expression vector. Furthermore,
it will be expected that these results provide important information also for the study of

basic mechanisms of gene expression in filamentous fungi.

Transcription

Translation Terminator

ORF
Strong Effective  OpPtimal
promoter 5°UTR codon usage

FIG 1. Schematic representation of the construction of an efficient expression vector.
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