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We have previously shown that the Nonomuraea flexuosa Xyn11A polypeptides devoid of the carbohydrate
binding module (CBM) have better thermostability than the full-length xylanase and are effective in bleaching
of pulp. To produce an enzyme preparation useful for industrial applications requiring high temperature, the
region encoding the CBM was deleted from the N. flexuosa xyn11A4 gene and the truncated gene was expressed
in Trichoderma reesei. The xylanase sequence was fused to the 7. reesei mannanase I (Man5A) signal sequence
or 3' to a T. reesei carrier polypeptide, either the Man5A core/hinge or the cellulose binding domain (CBD) of
cellobiohydrolase II (Cel6A, CBHII). The gene and fusion genes were expressed using the cellobiohydrolase 1
(cel7A, cbh1) promoter. Single-copy isogenic transformants in which the expression cassette replaced the cel74
gene were cultivated and analyzed. The transformants expressing the truncated N. flexuosa xynl1A produced
clearly increased amounts of both the xylanase/fusion mRNA and xylanase activity compared to the corre-
sponding strains expressing the full-length N. flexuosa xyn11A4. The transformant expressing the cel64 CBD-
truncated N. flexuosa xyn1lA produced about 1.9 g liter™" of the xylanase in laboratory-scale fermentations.
The xylanase constituted about 25% of the secreted proteins. The production of the truncated xylanase did not
induce the unfolded protein response (UPR) pathway. However, the UPR was induced when the full-length V.
[flexuosa xynl11A with an exact fusion to the cel74 terminator was expressed. We suggest that the T. reesei
folding/secretion machinery is not able to cope properly with the bacterial CBM when the mRNA of the
full-length N. flexuosa xynliA is efficiently translated.

The filamentous fungus Trichoderma reesei is used as an
industrial production organism for both homologous and het-
erologous proteins (19, 26). In order to produce thermostable
xylanases in 7. reesei, we previously isolated two xylanase
genes, N. flexuosa xyn11A and N. flexuosa xynl0A, from the
actinomycete Nonomuraea flexuosa DSM43186 (previously Mi-
crotetraspora flexuosa or Actinomadura flexuosa [45]) (16). The
corresponding xylanases were shown to be thermostable en-
zymes, thus being suitable candidates for several industrial
applications, e.g., enzymatic bleaching of kraft pulp (reviewed
in reference 39). The N. flexuosa xyn11A4 gene was expressed in
the filamentous fungus Trichoderma reesei by using the strong
T. reesei cellobiohydrolase 1 (cbhl, cel7A) promoter and a
fusion of the gene 3’ to a selection of T. reesei carrier polypep-
tides (24). About 0.8 g liter ' of the recombinant N. flexuosa
XynllA protein was produced by single-copy strains in lab-
oratory-scale fermentations. This amount of recombinant
xylanase was higher than the previously published amounts of
bacterial enzymes from filamentous fungi, which do not exceed
about 0.1 g liter ' even after optimization of the codon usage
for fungal expression (12, 22, 43). Even though a reasonable
amount of the N. flexuosa Xyn11A protein was obtained from
the T. reesei transformants, a rate-limiting factor for the pro-
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duction of this heterologous xylanase was observed at the tran-
scriptional stage. The amount of the fusion mRNA detected
from the mycelia of the transformants was only 10 to 12% of
the amount of the ce/74 mRNA in the host (24).

The N. flexuosa Xyn11A xylanase consists of a catalytic mod-
ule, a GNP-rich linker (“hinge”), and a C-terminal carbohy-
drate binding module (CBM) (“tail”). Based on sequence ho-
mology comparisons, the CBM is a member of subfamily 2b,
consisting of true xylan-binding domains (16). When the re-
combinant N. flexuosa Xynl11A was purified from the 7. reesei
culture supernatant, 23.8-kDa and 22-kDa xylanase forms de-
void of the tail domain and the tail and hinge domains, respec-
tively, were detected (16). These shorter xylanase polypeptides
were purified and characterized, in addition to the full-length
33.4-kDa xylanase. All these three recombinant xylanase
polypeptides were shown to be similar in terms of specific
activity, pH, and temperature dependence. They were also
effective in the pretreatment of kraft pulp, confirming that the
CBM was not obligatory in the bleaching application. Interest-
ingly, the thermostabilities of the recombinant 23.8-kDa and
22.0-kDa forms were both better than that of the full-length
recombinant N. flexuosa Xyn11A. Thus, the truncated xylanase
polypeptides were attractive candidates as enzymes for indus-
trial applications requiring high temperatures, e.g., bleaching
of kraft pulp.

In the present study, the region encoding the tail (CBM) was
deleted from the N. flexuosa xynl11A gene and the truncated
gene was expressed in 7. reesei. It was fused to the 7. reesei
ManS5A signal sequence and 3’ to sequences encoding carrier
polypeptides, the 7. reesei Man5SA core/hinge, and the Cel6A
cellulose binding domain (CBD). The genetic constructions
were expressed in 7. reesei from the strong cel7A promoter.
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The effects of the truncation on the expression and production
of the recombinant xylanase were studied using isogenic single-
copy strains in which the expression cassettes replaced the
host’s native cel74 gene. The results obtained were compared to
those obtained with the transformants carrying the correspond-
ing expression cassettes with the full-length N. flexuosa xyn11A.
Also, the effect of the expression of the bacterial xylanase on
the induction of the unfolded protein response (UPR) was
studied.

MATERIALS AND METHODS

Microbial strains, plasmids, growth media, and growth conditions. Plasmids
were propagated in Escherichia coli XL1-Blue and XL.10-Gold (Stratagene, La Jolla,
CA). The vector backbones used in constructing the plasmids were pUC18 (EMBL
database accession no. L.09136), pUC19 (L09137) and pBluescript II KS+ (Strat-
agene). The E. coli cultivations were performed overnight at 37°C in Luria-Bertani
medium (35) into which ampicillin had been added (50 to 100 pg/ml).

The T. reesei strain ALKO3620 was used as a parent in the transformations. 7.
reesei ALKO3620 is a low-protease mutant in which the egl2 gene (cel54, orig-
inally named eg/3 in reference 32) has been replaced with the phleomycin resis-
tance-encoding marker gene ble from Streptoalloteichus hindustanus (8), as de-
scribed in reference 24.

T. reesei strains were sporulated on Difco PD agar slants (potato dextrose
broth; BD Diagnostics, Sparks, MD). The transformants were selected on Tri-
choderma minimal medium containing acetamide as a nitrogen source (27). The
fungal mycelia for DNA isolations were obtained after the strains were grown for
2 days on Trichoderma minimal medium containing 2% proteose peptone (BD
Diagnostics). Culture supernatants from 50-ml shake flask cultivations (grown
for 7 days at 30°C, 250 rpm) were used in screening the transformants. A complex
lactose-based cellulase-inducing medium (13) was used for enzyme production in
the shake flasks. The medium contained (per liter) 40 g of whey extract, 15 g of
complex nitrogen source derived from grain, 15 g KH,PO,, and 5 g (NH,),SO,
(pH 5.5). For the fermentations, a particle-free extract was prepared from the
above medium, to enable the determination of the mycelium dry mass from
the cultivations. The extract was prepared by first heating the medium with the
complex nitrogen source (30 g per liter) at 121°C for 15 min, letting it settle at
4°C overnight, and then decanting it. After that, lactose (30 g per liter) and the
salts were added. The laboratory-scale fermentor cultivations were performed
for 4 to 5 days in 2-liter Braun Biostat M fermentors (B. Braun, Melsungen,
Germany). The fermentor cultivations were started by inoculating them with the
fungal strains, which had been pregrown for 3 days (28°C, 230 rpm) in 200 ml of
the above culture medium.

DNA techniques. Standard DNA methods (35, 36) were used in constructing
plasmids and performing Southern and Northern blotting. Each enzyme and kit
was used according to the instructions from the supplier. The enzymes for DNA
modifications were purchased from Fermentas GmbH (St. Leon-Rot, Germany),
Finnzymes (Espoo, Finland), New England Biolabs (Beverly, MA), and Roche
Diagnostics GmbH (Mannheim, Germany). QIAGEN columns (QIAGEN
GmbH, Hilden, Germany) were used in the plasmid isolations. The oligonucle-
otides were from Sigma Genosys (Haverhill, United Kingdom). Sequencing
reactions were performed and analyzed according to the instructions from Ap-
plied Biosystems and using either an ABI 373A or an ABI PRISM 310 genetic
analyzer (Applied Biosystems, Foster City, CA). PCRs were performed with
DyNAzyme IT or DyNAzyme EXT (Finnzymes) using a PTC-100 programmable
thermal controller (MJ Research Inc., Watertown, MA) or an Eppendorf Mas-
tercycler (Eppendorf UK Ltd., Cambridge, United Kingdom). DNA fragments
for subcloning and transformations were isolated by using the QIAEX II gel
extraction kit (QIAGEN GmbH).

The genomic DNAs were isolated as described in reference 30. Digoxigenin-
labeled (Roche Diagnostics GmbH) expression cassettes were used as probes in
the Southern blot hybridizations.

Construction of the expression cassettes used in the study. The construction
of the expression cassettes pALK1118, pALK1022, and pALK1285 has been
described in reference 24. These cassettes encode the full-length mature N.
flexuosa Xynl11A from the N-terminal D,, to the C-terminal N34, (16) (EMBL
accession no. AJ508952). The region encoding the CBM (Sys4 to Niuy) was
deleted from the N. flexuosa xynl1A4 gene in the expression cassettes pALK1276,
pALK1131, and pALK1502 by using PCR. The overall structure of all the
expression cassettes was as described in reference 24. Expression of the xylanase
gene or the fusion gene was from the T. reesei cel7A promoter and termination
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of the transcription was ensured by the cel74 terminator sequence. The above
xylanase genes were fused 3’ to the Man5A signal sequence (amino acids M, to
A,g; pALK1118 and pALK1276), the Man5A core/hinge carrier polypeptide (M,
to Gy, pPALK1022, pALK1309, pALK1692, pALK1131), or the CelcA CBD
carrier polypeptide (regions “A” and “B”; M, to Sgs; pALK1285, pALK1502).
For the man5A and cel6A sequences, see references 38 and 40, respectively. A
synthetic linker, encoding a Kex2 protease target site (RDKR) (5), was inserted
between the sequences encoding the carrier polypeptide and the xylanase. The
sequence encoding the Kex2 site was not included between the signal and
xylanase sequences in pALK1118 and pALK1276. The Aspergillus amdS (acet-
amidase) gene was used as a marker in all the genetic constructions. The amdS
gene was isolated from p3SR2 (15) as a 3.1-kb Spel-Xbal fragment that also
includes the amdS promoter. The amdS sequence was ligated 3’ to the cel74
terminator in the expression cassettes. In addition, the cel74 3’-flanking se-
quence (14) was inserted 3’ to the amdS. It was used, together with the cel74
promoter, to target the expression cassette to the cel74 locus.

The fusion of the xylanase or truncated xylanase genes to the cel/7A4 terminator
sequences differed in the expression cassettes as follows. The truncated N. flexuosa
xynllA gene was, in each case, exactly fused from its 3’ end to the cel7A4 stop
codon and terminator (0.6 kb). The only full-length N. flexuosa xyn11A gene that
was exactly fused to the cel74 stop codon and terminator was in the expression
cassette pALK1692. In this respect, pALK1692 was identical to the genetic
constructions with the truncated xylanase gene, whereas the other expression
cassettes with the full-length gene contained about 250 bp of the N. flexuosa
xynllA 3" untranslated region (UTR) sequence (to the Mlul site) after the stop
codon, followed by a cel7A terminator (a 0.7-kb Avall fragment that includes 0.6
kb of the cel7A4 terminator preceded by a 113-bp sequence from the end of the
cel7A4 coding region [14]). The PCR primers were designed to allow exact fusions
of the xylanase sequences to the terminator sequence, to the signal sequence, or
to the sequence encoding the linker between the fusion polypeptides.

The codon usage of N. flexuosa xyn1lA was optimized in the expression
cassettes pALK1309, pALK1131, and pALK1502, based on the most-preferred
codons in the major cellulase and xylanase genes of 7. reesei. In total, nine codons
were changed, as follows: Glys; GGG was changed to GGC, Alag, GCG to GCC,
Glyss GGG to GGC, Arggs CGG to CGC, Glygs GGG to GGC, Gly,oy GGA to
GGC, Arg,; CGG to CGC, Arg;(, CGG to CGC, and Val,,, GTG to GTC (the
numbering of the amino acids is according to reference 16).

Transformation of T. reesei and analysis of the transformants. 7. reesei pro-
toplasts were transformed with linear expression cassettes cleaved from the
vector backbones by EcoRI digestion. All the expression cassettes were trans-
formed into T. reesei strain ALKO3620 (24). Also, the pALK1118 cassette, which
had previously been transformed into ALKO4468 (24), was transformed into
ALKO3620. Transformations were performed as described in reference 27 with
the modifications described in reference 14. The transformants were purified on
selection plates through single conidia prior to being sporulated on PD. The
transformants with a Cel7A-negative phenotype were screened by performing
dot blotting from the culture supernatants. The monoclonal antibody CI-258 (1)
was used in the detection of Cel7A. The replacement of the cel74 gene by the
expression cassette was confirmed from the Cel7A-negative strains by Southern
blot assay, as described in reference 24. Transformants in which the cel74 gene
was replaced with one copy of the expression cassette were chosen for fermentor
cultivations.

Protein and enzyme assays and analysis of the mycelium dry mass. Samples of
the culture supernatants were run on 15% Criterion bis-Tris sodium dodecyl
sulfate (SDS)-polyacrylamide slab gels (Bio-Rad, Hercules, CA). The proteins
were stained with Coomassie G-250 (SimplyBlue SafeStain; Invitrogen BV,
Leek, The Netherlands). A polyclonal rabbit antibody raised against the native
purified Xyn11A (16) and a Protoblot AP system (Promega, Madison, WI) were
used for the detection of the full-length and truncated N. flexuosa XynllA
proteins in the Western blots. Purified recombinant N. flexuosa Xyn11A proteins
of 33.4 kDa and 23.8 kDa (16) were used as controls in SDS-polyacrylamide gel
electrophoresis (PAGE) gels and Western blot filters. The BenchMark and
MagicMark protein standards (Invitrogen) were used as molecular mass markers
for the SDS-polyacrylamide gels and Western blots, respectively. The amounts of
the proteins secreted to the culture supernatants were assayed after trichloro-
acetic acid precipitation by using a detergent-compatible protein assay (Bio-Rad,
Hercules, CA), based on the method described in reference 17. Bovine serum
albumin was used as the standard protein. Xylanase activity was assayed using
birch xylan (Roth no. 7500; Roth, Karlsruhe, Germany) as a substrate (2). The
reactions were performed in 50 mM Mcllvaine’s citrate-phosphate buffer at pH
7, 70°C, for 5 min. Mannanase activity was assayed at 50°C, pH 5.3, using locust
bean gum (Sigma G-0753; Oslo, Norway) as a substrate, as described in reference
38. The dry masses of mycelia were analyzed from 10-ml samples. The samples
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FIG. 1. Expression cassettes. The amdS marker gene and a cel74 3'-flanking region (not shown in Fig. 1) were ligated 3’ to the cel74
terminator, as described in reference 24. The full-length and truncated N. flexuosa xyn11A coding sequences (from D,, to N5,, and from D,, to
S,63, respectively) are marked with arrows. a, the construction of the expression cassette has been described in reference 24. b, an approximately
250-bp N. flexuosa xyn114 3' UTR sequence (dark gray) precedes the fragment with the cel74 terminator sequence. ¢, nine codons of the N.
flexuosa xyn11A sequence encoding the core protein have been changed according to the preferred 7. reesei codon usage. For a more detailed

description, see Materials and Methods.

were filtered through predried and preweighed 3.0-um and 0.45-pm filters (Mil-
lipore Oy, Espoo, Finland). The mycelia on the filters were washed with 20 ml of
0.7% NaCl, dried overnight at 80°C, and weighed.

Isolation of RNA and analysis of the transcripts. Total RNA was isolated from
samples taken 54 to 55 h (exponential phase) and 70 to 78 h (mycelium dry mass
maximum) after the inoculation of the fermentor cultivations, with the exception of
the transformants carrying the expression cassettes pALK1692 and pALKI285.
These strains reached the stage of the mycelium dry mass maximum clearly later
than the other strains, and RNA was isolated from them after 77 and 94 h of
cultivation. An RNeasy plant mini kit (QIAGEN GmbH) was used in the isolations.
The Northern blot gels (1X MOPS [morpholinepropanesulfonic acid], 6% formal-
dehyde, 1.2% agarose) were run according to standard methods (35). A total of 2.0
pg of RNA was loaded per lane. An 81-mer oligonucleotide complementary to the
transcribed region of the cel74 promoter (from nucleotides +3 to —78) (10) was
used to detect the mRNAs transcribed from the cel74 promoter. In addition, the N.
flexuosa xyn11A transcripts were detected using a 518-bp Smal fragment from the N.
flexuosa xyn11A4 gene (nucleotides 504 to 1021) (16). The induction of the UPR was
analyzed by using two probes, the hacl (EcoRI-Xhol fragment from pMS119) (34)
and the pdil (EcoRI-Xhol fragment from pMS67) (33). The 1.9-kb KpnlI fragment
containing the 7. reesei actin gene (20, 44) was used to normalize the signals ob-
tained. The oligonucleotide was labeled with [y-*P]ATP by using a 5'-end-labeling
kit (Amersham Biosciences, Uppsala, Sweden). The DNA fragments were labeled
using [a->>P][dCTP and a Rediprime II DNA labeling system (Amersham Bio-
sciences). The hybridizations with all the probes were performed at 42°C in 50%
formamide, 6X SSPE (1X SSPE is 0.15 M NaCl, 10 mM NaH,PO,, and 1 mM
EDTA [pH 7.4]), 5X Denhardt’s, 0.5% SDS, 100 wg/ml salmon sperm DNA. The
filters were washed using 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate [pH 7.0])-0.5% SDS for 5 min at room temperature and 2X SSC-0.1% SDS
for 15 min at room temperature followed by either one 15-min wash at 42°C and two
15-min washes at 52°C, for the filters probed with the oligonucleotide, or two washes
at 42°C, for the filters probed with labeled DNA fragments. The filters probed with
the labeled fragment were further washed twice for 15 min at 52°C with 0.1X
SSC-0.1% SDS. The signals in the Northern blot filters were analyzed by using a
Typhoon 8600 variable mode imager and ImageQuant 5.2 software (Molecular
Dynamics, Sunnyvale, CA).

RESULTS

Production of truncated N. flexuosa Xyn11A in Trichoderma
reesei. The expression cassettes for producing the truncated N.
flexuosa Xyn11A and the full-length N. flexuosa Xynl1A (Fig.
1 and Materials and Methods) were isolated from the vector
backbones and transformed into T. reesei ALKO3620. Trans-
formants in which one copy of the expression cassette replaced

the cel7A gene were screened for further studies. Several par-
allel single-copy strains from each genetic construction were
grown in shake flasks and were found to be similar in terms of
the amounts of protein and xylanase activity in the culture
supernatants. One single-copy representative from each ge-
netic construction was chosen to be studied in fermentors. The
growth of the strains in fermentors was followed by on-line
determinations of the pH (not shown) and CO, concentration
(Fig. 2A to C). In addition, the sugars reactive to 3,5-dinitro-
salisylic acid (not shown) and the mycelium dry mass (Fig. 2 D
to F) were analyzed. The amounts of secreted proteins and
xylanase and mannanase activities were determined from the
culture supernatants (Table 1). The cleavage of the fusion
proteins and the amounts of the recombinant N. flexuosa
XynllA proteins were confirmed from SDS-polyacrylamide
gels and from Western blot filters (Fig. 3).

The concentrations of CO, in the host cultivation and in the
cultivations of the transformants with pALK1118, pALK1276,
pALK1022, pALK1309, and pALK1131 were at their maxima
after 68 to 72 h after inoculation (Fig. 2A to C). The transfor-
mant with the expression cassette pALK1502 reached the CO,
maximum about 64 h after inoculation (Fig. 2C), suggesting
that this strain grew somewhat quicker than the host. The
growth of the transformants with the expression cassettes
PALK1692 (man5A core/linker, full-length N. flexuosa xyn11A,
exact fusion to cel74 terminator) and pALK1285 (cel6A CBD,
full-length N. flexuosa xynl1A) was clearly slower than the
growth of the host and the other transformants. These strains
reached their CO, maxima after 93 h (pALK1692) and 86 h
(pALK1285) of growth (Fig. 2B and C, respectively). The
slower growth of these two strains was also demonstrated by
slower decreases of pH and concentrations of sugars reactive
to 3,5-dinitrosalisylic acid in the cultivations (not shown). In
addition, these strains reached their mycelium dry mass max-
ima about 1 day later (after 100 and 96 h of growth) than the
other strains (after 70 to 78 h of growth) (Fig. 2E and F). The
mycelium dry mass maxima of the transformants were higher
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FIG. 2. Growth of T. reesei transformants in laboratory fermentors. Two cultivations were performed for each strain. The changes in CO,
concentrations (A to C) and mycelium dry mass (D to F) during the cultivations are shown. The results from strains with fusion of xylanase to the
Man5A signal sequence are shown in panels A and D, from strains with fusion to Man5A core/hinge in panels B and E, and from strains with fusion
to the Cel6A CBD in panels C and F. Results from the ALKO3620 host strain are shown in all the graphs for comparison. The CO, curves of strains
with growth clearly different from that of the host are marked by arrows on graphs A to C. The growth of the strain with the expression cassette
PALK1309 was similar to that of the strain with pALK1022 (not shown in panels B and E).

(average, 12.5 to 15.8 mg/ml) than that of the host (average,
11.1 mg/ml), with the exception of the transformant with the
PALK1692 cassette (average, 10.5 mg/ml) (Fig. 2D to F).
The amounts of the secreted proteins and the relevant
enzyme activities (xylanase and mannanase) measured from
the final samples of the cultivations are shown in Table 1. The
host secreted, on average, 7.9 g liter " proteins into its cul-
ture supernatant. The transformants with expression cassettes

pALK1022, pALK1309, pALK1131, and pALK1502 secreted
slightly less protein (7.1 to 7.4 g liter—*). The strains with a
signal sequence fusion, pALK1118 and pALK1276, produced
smaller amounts of proteins, 6.5 and 5.4 g liter ', respectively.
The strains containing pALK1692 or pALK1285 produced
only 3.2 to 3.3 g liter " of proteins in their culture superna-
tants.

The xylanase activity was higher in the genetic constructions

TABLE 1. Protein and activity data from the cultivations of single-copy Trichoderma reesei transformants producing recombinant
N. flexuosa Xyn11A (35 kDa) or the truncated N. flexuosa Xyn11A polypeptide (24 kDa)*

Amt or activity

Strain Expression - -
cassette Protein Xylanase Mannanase rXynllA rXynllA ManS5A carrier
(mg/ml = SD) (nkat/ml = SD) (nkat/ml = SD) (mg/ml)® (nmol/ml)® (nmol/ml)°

ALKO3620 None 79 =05 240 = 140 110 =20 0 0.0
RF5724 pALKI1118 6.5 +0.3 1,950 = 30 160 = 30 0.12 3.7
RF5024 pALK1276 5403 7,620 = 620 120 = 30 0.44 18.4
ALKO4405 pALK1022 7.1+0.3 9,590 =+ 540 2,890 = 660 0.60 18.2 325
RF5745 pALK1692 3311 8,660 = 340 2,850 = 710 0.54 16.4 32.1
RF5510 pALK1309 72x04 9,230 = 420 3,020 = 710 0.58 17.5 34.0
RF5725 pALK1131 72+ 0.1 21,800 = 3,460 5,730 = 230 1.25 52.74 64.54
RF5013 pALK1285 32+0.1 4,480 = 530 80 = 0.7 0.28 8.5
RF5139 pALK1502 74 =05 32,230 = 890 130 = 3.7 1.85 77.9

“ The results are averages from two fermentations each. The cultivations were finished 94 to 96 h after inoculation, with the exception of the RF5013 (pALK1285)
and RF5745 (pALK1692) cultivations that were finished after 104 and 118 h of fermentation, respectively, due to slower growth of the strains. SD, standard deviation.

® rXyn11A, recombinant 35-kDa full-length Xyn11A or the truncated 24-kDa Xyn11A polypeptide. The specific activities used in the calculations were 16,000 nkat/mg
for the 35-kDa and 17,400 nkat/mg for the 24-kDa recombinant Xyn11A, according to Leskinen et al. (16). The calculated molecular masses used were 32.9 kDa and
23.8 kDa for the 35-kDa and 24-kDa xylanases, respectively. Calculated from the average activity of the two cultivations.

¢ A specific activity of 2,120 nkat/mg and a molecular mass of 41.9 kDa were used in the calculations for the ManSA core-hinge (the specific activity has been
determined for the Man5SA core protein) (24). Calculated from the average activity of the two cultivations.

@ The fusion protein was only partially cleaved from the Kex2 linker.
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FIG. 3. SDS-PAGE and Western blot analysis of the fermenta-
tion supernatants. (A) SDS-polyacrylamide gel and (B) Western
blot analysis. Molecular mass markers are shown on the left and the
right, respectively. Lanes: 1, T. reesei ALKO3620; 2 to 9, transfor-
mants containing the expression cassettes pALK1118, pALK1276,
pALK1022, pALK1309, pALK1131, pALK1692, pALK1285, and
PALK1502, respectively. r33.4, purified 33.4-kDa full-length recombi-
nant N. flexuosa Xynl1A (1 ng in A and 70 ng in B). r23.8, purified
23.8-kDa recombinant truncated N. flexuosa Xyn11A (1 pg in panel A
and 70 ng in panel B). Loads of 2 ul of undiluted or 6 pl of 1:100-
diluted culture supernatants were applied, respectively, to SDS-poly-
acrylamide gels for Coomassie blue staining (A) or Western blotting
(B). A rabbit polyclonal antibody synthesized against the native N.
flexuosa XynllA was used to detect the recombinant N. flexuosa
XynllA protein. Marked with arrows: the Man5A core/hinge-trun-
cated N. flexuosa Xyn11A fusion protein (a), the full-length N. flexuosa
Xynl1A protein forms (b, c¢), and the truncated N. flexuosa Xynl1A
proteins (d, e). The native T. reesei Cel7A (lane 1) has a molecular
mass of about 60 kDa and runs at about the same position as the
Man5A core/hinge-truncated N. flexuosa Xyn11A protein (lane 6). The
native 7. reesei cellulases Cel7B and Cel6A run in the region of about
55 kDa.

using a carrier polypeptide than in the genetic constructions
with a fusion of the xylanase/truncated xylanase gene to the
manSA signal sequence (Table 1). The strains expressing the
truncated N. flexuosa Xyn11A produced clearly higher xylanase
activities than the strains with the corresponding genetic con-
structions containing the full-length gene. The highest xylanase
activity, 32,230 nkat/ml, was produced by the strain that ex-
pressed the truncated N. flexuosa xynllA gene fused to the
sequence encoding the Cel6A CBD carrier (pALK1502). The
activity from this strain corresponded to about 1.9 g liter ! of
the recombinant xylanase protein. The truncated N. flexuosa
Xynl1A constituted about 25% of the proteins secreted by the
pALK1502 strain. The increases in xylanase activity from the
strains expressing the truncated N. flexuosa XynllA com-
pared to the activities of the strains with the corresponding
full-length genetic constructions were 3.9-fold for the signal
sequence fusion (pALK1276 versus pALK1118), 2.4-fold for
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the Man5A core/linker carrier (pALK1131 versus pALK1309) and
7.2-fold for the Cel6A CBD carrier (pALK1502 versus
pALK1285). The calculated molar increases of the recombi-
nant xylanase proteins corresponding to these values are 5.0-,
3.0- and 9.2-fold for the signal sequence fusion, Man5A core/
linker, and Cel6A CBD genetic constructions, respectively.
Similar to the increase in xylanase activity, the mannanase
activity was increased 1.9- to 2.0-fold in the pALK1131 strain
compared to the activities of the pALK1022, pALK1692, and
pALK1309 transformants. The increase in mannanase activity
measured from the culture supernatants of the above strains
resulted from the action of the Man5A core/hinge polypeptide
that was used as a carrier in these strains. The nine changes
made to the codons of the N. flexuosa xyn11A gene did not
increase the xylanase activity in the culture supernatants
(pALK1309 versus pALK1022).

Interestingly, the xylanase activity produced by the pALK1276
transformant carrying the expression cassette with the truncated
N. flexuosa xynllA fused to the man5A signal sequence (7,620
nkat/ml) was close to the activities obtained from the pALK1022,
PALK1309, and pALK1692 transformants which express the
full-length N. flexuosa xyn11A fused to the sequence encod-
ing the Man5A core/hinge carrier (8,660 to 9,590 nkat/ml).
The pALK1692 transformant produced xylanase activity simi-
lar to the activities of the pALK1309 and pALK1022 transfor-
mants, even though the total proteins detected from its culture
supernatant were less than half of the amounts found for the
pALK1309 and pALK1022 strains (Table 1).

Samples from the culture supernatants were run on an SDS-
PAGE gel (Fig. 3A), and Western blotting was performed (Fig.
3B). The increase in the amount of the recombinant truncated
N. flexuosa Xynl11A from T. reesei, compared to the amount of
the full-length N. flexuosa Xynl1A, was clearly seen on the
Coomassie blue-stained gel (Fig. 3A). The molecular masses of
the recombinant N. flexuosa XynllA and the truncated N.
flexuosa Xynl11A, when cleaved from the carrier polypeptides,
were as expected and corresponded to those of the purified
recombinant xylanase forms (33.4 kDa and 23.8 kDa) (16). In
addition to these protein bands, protein bands of about 2- to
3-kDa-higher molecular masses were detected with the anti-
body. These polypeptides represented N-glycosylated forms of
the recombinant xylanases, as confirmed by endo-B-N-acetyl-
glucosaminidase H; and peptide-N-glycosidase F treatments
(not shown). The relative amounts of the nonglycosylated and
the glycosylated N. flexuosa Xynl11A forms varied depending
on the transformant. Culture supernatants from transformants
carrying pALK1118, pALK1276, and pALKI1285 contained
only the nonglycosylated form or mostly this form of xylanase.
About equal amounts of the two protein forms were detected
in culture supernatants of the pALK1022, pALK1309, and
pALK1502 transformants and more of the glycosylated form in
culture supernatants of the pALK1131 and pALK1692 trans-
formants.

The truncated recombinant xylanase was efficiently cleaved
from the Cel6A CBD carrier (pALK1502). However, part of
the xylanase produced by the pALK1131 transformant (Man5A
core/linker as carrier) remained in an unprocessed fusion protein
with a molecular mass of about 80 kDa (the theoretical mass of
the fusion protein is 65.7 kDa). In addition, protein bands of
about 50 to 70 kDa were detected from the pALK1131 culture



3220 PALOHEIMO ET AL.

supernatant. These bands most probably represent fusion pro-
teins that have been proteolytically cleaved from N- and/or C-
terminal regions.

An enzyme product containing the shortened N. flexuosa
XynllA protein was tested in the pretreatment of oxygen-
delignified birch pulp at pH 7, using a high temperature (82°C)
and a reaction time of 20 min. After the enzymatic reaction,
two-stage bleaching was performed using ClO,. A saving of
12% in the amount of ClO, was obtained when the final bright-
ness of the pulp was the same as in the control bleaching
performed without the enzyme (data not shown).

Effect of truncation of N. flexuosa xynl114 on gene expression
and induction of the UPR. Total cellular RNAs were isolated
from samples of mycelia taken from the fermentor cultivations
in exponential growth and when the mycelium dry mass
reached its maximum. The Northern blot filters were probed
with an oligonucleotide that hybridizes to the untranslated
region of the cel7A transcript. This made it possible to analyze
both the amounts of the N. flexuosa xynllA/fusion mRNAs
from the transformants and the ce/74 mRNA from the host.
The results obtained from the transformants with the oligonu-
cleotide probe were confirmed by using a fragment from the
truncated N. flexuosa xynllA gene as a probe. The pdil and
hacl probes were used to detect whether the UPR signal trans-
duction pathway was induced in the transformants. The signals
obtained from the Northern blot filters with the oligonucleo-
tide, N. flexuosa xynl1A fragment, hacl, and pdil probes were
normalized using an actin probe.

The results from the Northern blot filters and the normal-
ized signals are shown in Fig. 4. The relative amounts of the
xylanase mRNA/fusion mRNAs were clearly larger in the
strains expressing the truncated N. flexuosa xynllA gene
(pALK1276, pALK1131, and pALK1502) than in the strains
expressing the corresponding cassettes with the full-length N.
flexuosa xyn11A4. At the exponential phase, the increases were
5.7-, 3.0-, and 6.1-fold for the genetic constructions with the
signal sequence fusion, Man5A core/hinge, and Cel6A CBD
fusion, respectively. The amounts of the mRNA/fusion
mRNA, compared to the amount of the ce/74 mRNA in the
host (100%), were 58% in the pALK1276, 63% in the
pALK1131, and 87% in the pALK1502 transformant, whereas
the strains carrying the corresponding expression cassettes with
the full-length N. flexuosa xyn11A4 accumulated only about 10%
(signal sequence fusion) and 20 to 21% (genetic constructions
with a carrier) of the xylanase/fusion mRNA. The strains ex-
pressing the truncated N. flexuosa xyn11A also produced more
xylanase/fusion mRNA at the stage of the mycelium dry mass
maximum. The increases of the signals were 3.9-, 2.2-, and
5.6-fold for the signal sequence fusion, Man5A core/hinge, and
Cel6A CBD fusion, respectively, compared to the signals for
the strains expressing the full-length N. flexuosa xynl1A. The
relative increase of the signal at the stage of the mycelium dry
mass maximum, compared to that in the exponential phase,
was the highest in the strains with xylanase fused to the signal
sequence, pALK1118 (2.8-fold) and pALK1276 (1.9-fold). The
corresponding relative increase was 1.4- to 1.5-fold in the host
strain and in the pALK1022, pALK1309, pALK1285, and
pALK1502 transformants but only 1.1-fold in the pALK1131
and pALK1692 transformants.

The signals from the filters probed with the N. flexuosa
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FIG. 4. Northern blots. Two-microgram samples of total RNA
were loaded per lane. (A) Northern blot filter hybridized with (a)
oligonucleotide hybridizing to the untranslated region of the cel74
promoter, (b) hacl, (c) pdil, and (d) actin. Lanes: 1, host; 2 to 9,
transformants with the expression cassettes pALK1118, pALK1276,
pALK1022, pALK1309, pALK1131, pALK1692, pALK1285, and
PALKI1502, respectively. (B) Relative signals, normalized with an actin
probe. The gray and black bars represent the samples taken from the
exponential growth phase and from the mycelium dry mass maximum,
respectively. (a) Oligonucleotide probe. The averages from two parallel
loadings are shown. The variations between the two loadings are shown
with vertical lines. (b) hacl probe. The filled bars represent the relative
amounts of the full-length signals and the bars with diagonal lines repre-
sent the relative signals from the truncated hacl mRNAs. (c) pdil probe.
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xynllA gene fragment (not shown) confirmed the results ob-
tained with the oligonucleotide probe.

The transcripts from the pALK1022 and pALK1309 expres-
sion cassettes were longer than the transcript from pALK1692
(Fig. 4A), which suggests that the transcription terminated in
these strains at the fungal terminator, not at the bacterial
terminator. The nine changes made to codons did not have an
effect on the amount of the fusion mRNA, and similar amounts
of the transcripts were detected from strains carrying either
expression cassette pALK1022 or pALK1309.

The UPR has been shown to be activated in various organ-
isms, including 7. reesei, when increased levels of unfolded or
misfolded proteins accumulate in the endoplasmic reticulum
(ER). Upon induction, transcriptional up-regulation of the
ER-resident proteins, e.g., protein disulfide isomerase, is trig-
gered (33). The hacl gene has been shown to be the UPR
pathway regulator in 7. reesei (34). The hacl mRNA is trun-
cated at the 5’ flanking region, which removes an upstream
open reading frame and results in a shorter form of hacl
mRNA. The UPR pathway was induced in the mycelia of the
strains with pALK1692 (man5A core/linker, N. flexuosa
XynllA with an exact terminator fusion) and pALK1131
(man5A core/linker, truncated xynl1A) expression cassettes, as
shown by an increased amount of the pdi signal and the ap-
pearance of the truncated form of the hacl transcript in the
mycelia of these two strains. The amount of the pdil signal was
2.4- to 4.7-fold larger in the mycelium of the pALK1692 trans-
formant and 1.7- to 3.3-fold larger in the mycelium of the
pALKI1131 transformant than in the other transformants. At
the exponential phase, about half of the ~acl mRNA in the
PALK1692 transformant and one-third in the pALKI1131
transformant consisted of the truncated hacl transcript. The
cleaved form was also detected from the mycelia of these
strains at the stage of dry mass maximum.

DISCUSSION

The N. flexuosa xynl11A gene devoid of the region encoding
the CBM was expressed in 7. reesei in order to produce an
enzyme preparation with enhanced thermostability compared
to the preparations with the full-length N. flexuosa XynllA
(24). T. reesei successfully produced the truncated N. flexuosa
XynllA protein and the enzyme preparations containing the
truncated xylanase performed well in the bleaching of kraft
pulp at a high temperature. The positive result obtained from
the bleaching test was expected, because the purified recom-
binant N. flexuosa Xynl1A polypeptides devoid of the CBM
(23.8 kDa and 22.0 kDa) have previously been shown to be
efficient in this application (16). Also, several other studies
have described the carbohydrate binding domains of modular
endoxylanases as nonessential both in the hydrolysis of soluble
xylan and in the pulp bleaching application (e.g., references 4,
11, 21, and 31).

Interestingly, the transformants expressing the truncated N.
flexuosa xyn11A gene produced 2.4- to 7.2-fold more xylanase
activity in their culture supernatants than the corresponding
strains expressing the full-length gene (Table 1). The increases
in xylanase activities correlated with increases in the mRNA
signals in these strains (Fig. 4). Thus, by deleting the region
encoding the CBM, we were able partly to overcome the bot-
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tleneck in transcription detected when the full-length N. flexuosa
xynllA was expressed in T. reesei (24). We are not aware of
any previously published results in which deletion of the CBM/
CBD from an enzyme would have increased gene expression
and enzyme production in this way. Of the two T. reesei carriers
tested, the Cel6A CBD was more suitable for the production of
the truncated N. flexuosa Xyn11A. The xylanase was efficiently
cleaved from the fusion protein, and about 1.9 g liter ! of the
recombinant xylanase was produced under the cultivation con-
ditions used. Quite unexpectedly, the truncated N. flexuosa
XynllA was only partially cleaved from the ManSA core/
hinge, even though the full-length N. flexuosa XynllA was
efficiently cleaved from this carrier (24) (Fig. 3). The deletion
of the CBM presumably altered the fusion protein structure so
that the Kex2 site in the linker region was not efficiently rec-
ognized by the Kex2 protease. As suggested in reference 7 and
demonstrated in reference 37, the processing of fusion proteins
is more dependent on the structural context at the processing
region than on the actual amino acid sequence.

The xylanase activities produced by the strains with the
expression cassettes pALK1118 (1,950 nkat/ml; full-length
N. flexuosa xynllA fused to man5A signal sequence) and
pALK1022 (9,590 nkat/ml; man5A core/hinge-full-length N.
flexuosa xyn11A4) corresponded to the previously published re-
sults (2,460 and 9,200 nkat/ml, respectively) (24). However, the
strain with the expression cassette pALK1285 (cel6A CBD-full-
length N. flexuosa xynl1A) produced, unexpectedly, less
xylanase activity (4,480 nkat/ml) than we previously reported
(11,500 nkat/ml). This strain also grew slowly (Fig. 3) and
secreted fewer proteins than the other transformants (except
the pALK1692 transformant). The reason for the slow growth
and low production of proteins remains unsolved but is, most
probably, due to differences in the cultivation media used in
the fermentations. In the previous study (24), we used a rich,
complex cellulase-inducing medium. In the present study, a
particle-free extract was used to enable the determination of
the mycelium dry masses from the cultivations.

A carrier polypeptide has been suggested to stabilize the
recombinant mRNA, to facilitate the translocation of the het-
erologous product in the secretory pathway, and to protect it
from proteolytic degradation, as reviewed in reference 9. Our
results confirm the importance of the carrier polypeptide in the
posttranscriptional stages. The pALK1276 strain (truncated N.
flexuosa Xyn11A, no carrier) produced about three times more
mRNA at the exponential phase but less xylanase activity than
the pALK1022, pALK1309, and pALK1692 strains (full-length
N. flexuosa Xyn11A, Man5A core/hinge carrier) (Fig. 4 and
Table 1). The pALK1502 strain (truncated N. flexuosa XynllA,
Cel6A CBD carrier) produced only about 1.5-fold more xylanase
mRNA but 4.2-fold more xylanase activity than pALK1276 (Fig.
4 and Table 1).

The nine changes in codons that were made in the N. flexuosa
xynllA sequence did not affect either the expression or the
production of the recombinant xylanase. However, even with-
out these changes, the codon usage of the N. flexuosa xynl1A
resembled the codon usage of the T. reesei cel7A (3) in having
a strong bias towards C at the wobble position (16). Thus, the
changes did not improve the codon bias already present in
the native N. flexuosa xyn1l gene. The change of codons of the
Dictyoglomus thermophilum xylanase (xynB) to better resemble
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the codon usage of the host has been shown to result in in-
creased expression of xynB in T. reesei (41). However, the
codon usage of the native xynB differed remarkably from that
of T. reesei in having a preference for A and T bases at the
wobble position. Further studies, using a synthetic N. flexuosa
xynllA gene with overall optimized codon usage, would be
needed to confirm whether we could further increase the ex-
pression and production of the recombinant N. flexuosa
XynllA.

When unfolded proteins accumulate in the ER, the cell
enhances its efficiency in protein folding, transport, and quality
control. The transcription of the genes involved in these func-
tions is up-regulated. This signal transduction pathway, UPR,
has been characterized in detail in Saccharomyces cerevisiae
and in mammalian cells (reviewed in references 18 and 25).
During the last 10 years, UPR signaling has been intensively
studied and has been shown to be active in the filamentous
fungi T. reesei, Aspergillus nidulans, and Aspergillus niger (re-
viewed in reference 22). According to our results, the produc-
tion of even large amounts of the truncated N. flexuosa
Xynl1lA did not induce the UPR pathway when the fusion
protein was efficiently cleaved from the Kex2 site (pALK1502)
(Fig. 4). However, the UPR was induced in two strains used in
this study, the pALK1131 strain (Man5A core/hinge-truncated
N. flexuosa Xyn11A) and the pALK1692 strain (Man5A core/
hinge-full-length N. flexuosa Xynl11A with exact fusion to the
cel7A terminator). The putative incorrect folding of the fusion
protein/protein partners produced by the pALK1131 strain
could be a reason for the induction of the UPR pathway.
However, the growth and the amount of proteins secreted by
the pALK1131 strain were not affected (Fig. 2 and Table 1),
which suggests that 7. reesei is able to cope with folding/secre-
tion of the pALK1131 product by enhancing the production of
foldases and proteins involved in transport/quality control.

The pALK1692 and pALK1022 transformants produced
identical fusion proteins, but the UPR was induced only in
the pALK1692 strain. The fusion proteins were cleaved from
the Kex2 site (Fig. 3), which indicates a correct folding of the
fusion partners. Also, the amounts of the fusion mRNAs de-
tected from these two transformants were similar at the expo-
nential growth phase (Fig. 4). The only difference between the
expression cassettes pALK1692 and pALK1022 was in the 3’
UTR region that follows the full-length N. flexuosa xynllA
gene. In pALK1692, the N. flexuosa xyn114 gene was exactly
fused to the T. reesei cel7A terminator, whereas in pALK1022,
an approximately 250-bp 3' UTR sequence of N. flexuosa
xynllA followed the full-length N. flexuosa xynllA gene se-
quence before the cel74 terminator fragment (Fig. 1 and Ma-
terials and Methods). The 3" UTR of the N. flexuosa xynl1A
contains a very strict loop structure (40 to 50 bp) after about 40
nucleotides from the N. flexuosa xynllA stop codon (not
shown). We were not able to sequence this region even though
several attempts were made, several primers were synthesized,
and deletions were prepared from this region. The 7. reesei
transcription machinery reads through the bacterial terminator
sequence, as shown by the mRNA from the pALK1022 strain
being longer than that from the pALK1692 strain (Fig. 4A).
However, we suggest that the bacterial 3" UTR has an effect on
the mRNA structure that decreases the efficiency of transla-
tion. The mRNA structure might not be optimal for the T.
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reesei translation machinery because of an improper spatial
distance between the termination codon and the fungal termi-
nator sequence and/or because of the very strong loop struc-
ture in the 3" UTR of the N. flexuosa xynl1A. Because of the
resulting slow synthesis and small amount of the full-length N.
flexuosa XynllA in the pALK1022 mycelium, the T. reesei
folding/secretion machinery copes with the heterologous full-
length bacterial xylanase and there is no need to induce the
UPR pathway. According to our hypothesis, the pALK1692
transformant would encounter difficulties in folding/secretion
of the heterologous xylanase, because the mRNA of the full-
length N. flexuosa xyn11A gene is translated more efficiently. In
the yeast Saccharomyces cerevisiae, it has been shown that,
when a strong hairpin-loop structure was positioned in the 3’
UTR of the pyruvate kinase gene, it had a deleterious effect
upon translation, but only a small influence on the transcript
stability (28). To confirm our hypothesis, both the half-lives
and the translation efficiencies of the mRNAs from different N.
flexuosa Xyn11A transformants should be studied.

In addition to the clear induction of the UPR in the
PALK1692 transformant, this strain also grew slowly (Fig. 3)
and secreted a clearly smaller amount of proteins into the
culture supernatant than the amounts secreted by the host and
the other transformants (Table 1). These results indicate that
the strain is under secretion stress. 7. reesei has been described
as responding to secretion stress by decreasing the level of
transcription from genes that encode the major extracellular
proteins (e.g., the cellulase genes). This phenomenon has been
named as a “RESS response” (repression under secretion
stress) (23). We did not study the expression of the cellulase
genes by Northern blotting. However, we measured the en-
doglucanase activity from the culture supernatants of the trans-
formants by using hydroxyethylcellulose as a substrate (not
shown). The endoglucanase activity in the culture supernatant
of the pALK1692 strain was clearly lower, 190 nkat/ml, than
the activities produced by the pALK1022 and pALK1309
strains, which were 820 and 800 nkat/ml, respectively. The
endoglucanase activity produced by the pALKI1131 strain,
which shows UPR induction but not a severe secretion stress,
was 510 nkat/ml.

According to our results, T. reesei is not able to properly
fold/secrete large amounts of the bacterial CBM (the full-
length N. flexuosa Xyn11A with the CBM). The folding of the
CBM could be a challenge to the T. reesei folding/secretion
machinery. Based on a sequence homology, the N. flexuosa
XynllA CBM is a member of CBM family 2 (subfamily 2b)
(16). Most CBMs in family 2 belong to bacterial hydrolases,
and there are no fungal CBM members of this family (42 and
http://afmb.cnrs-mrs.fr/CAZY/fam/CBM2.html). Also, there
could be an interaction between the CBM and the core of the
N. flexuosa Xynl11A, resulting in a structure that is recognized
as an unfolded protein at the ER of T. reesei. The CBD of a
bacterial protein, Erwinia chrysanthemi Cel5 cellulase, is pro-
posed to be involved in the secretion of the Cel5 protein via the
bacterial type II secretory pathway by forming a transient in-
tramolecular interaction with the Cel5 core domain (6). The
deletion of the CBD from the E. chrysanthemi Cel5 cellulase
has been shown to impair the secretion of Cel5 from E. chry-
santhemi (29). Similar to this result, the expression of the
truncated N. flexuosa xynl1A gene in a bacterial host, Bacillus
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subtilis, resulted in xylanase activity several times lower than
the activity from the B. subtilis transformants expressing a
corresponding genetic construction with the full-length N.
flexuosa xyn11A (J. Vehmaanperd, unpublished results).

In conclusion, we successfully produced a truncated V. flexuosa
Xynl11A protein devoid of the CBM in T. reesei. The enzyme
product was effective in the bleaching of kraft pulp. The dele-
tion of the region encoding the CBM from the N. flexuosa
xynllA gene resulted in severalfold increases in the amounts of
both the xylanase/fusion mRNA and the heterologous xyla-
nase. The production of the truncated N. flexuosa Xyn11A did
not induce the UPR pathway in T. reesei. However, the expres-
sion of the full-length N. flexuosa xyn11A4, when exactly fused to
the cel7A terminator, resulted in induction of the UPR, slower
growth of the strain, and a decrease in the amount of the
protein secreted into the culture supernatant. We suggest that
the T. reesei folding/secretion machinery is not able to cope
properly with large amounts of the full-length N. flexuosa
XynllA protein due to the bacterial CBM.
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