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A chimeric enzyme associating feruloyl esterase A (FAEA) from Aspergillus niger and dockerin from Clos-
tridium thermocellum was produced in A. piger. A completely truncated form was produced when ihe dockerin
domain was located downstream of the FAEA (FAEA-Doc), whereas no chimeric protein was produced when
the bucterial dockerin domain was located vpstreamn of the FAUEA (Doc-FAEA). Northern blot analysis showed
similar transcript levels for the two constracts, indicating a posttranscriptional bottleneck for Doc-FAEA
production. The sequence encoding the first 514 amino acids fromn 4. niger glucoamyluse and a dibasic
proteotytic processing site (fex-2) werc fused upstream of the Doc-FAEA scquence. By using this fusion
strategy, the esterase activity found in the extracellular medium was 20-fold-higher than that of the wild-type
reference strain, and the production yield was estimated to be about 100 mg of chimeric protein/liter.
Intracellular and extracellular production was amnalvzed by sodimmn dodecyl sulfate-polyacrylamide gel elec-
trephoresis, dockerin-cohesin interaction assays, and Western blotting. Labeled cohesins detected an intact
extraceliular Doc-FAEA of about 43 kDa and a cleaved-off dockerin domain of about 8 kDa. In addition, an
intraceliular 120-kDa protein was recognized by using labeled cohesins and antibodies raised ugainst FAEA.
This protein corresponded to the unprocessed Doc-FAEA form fused to glucoamylase. In comclusion, these
results indicated that translational fusion to glucoamylase improved the seeretion efficiency of a chimeric
Doc-FAEA protein and allowed production of the first functional fungal enzyme joined to a bacterial dockerin,

Plant cell walls are composed of various polysaccharides and
lignin, forming a rigid and complex matrix recalcitrant to mi-
crobiul degradation. This structure is streagthened by cross-
linkages such as difcrulie acid bridges between adfacent hemi-
cellulose chains 28) or between lignin and hemicellulose {24),
increasing its resistance o microbial invasion. Aercbic and
anaerobic microorganisms have developed two main elficient
mechanisms of plant cell wall degradation, In the first system,
microorganisms secrcte free extracellular cnzymes in contact
with a substrate. The products of degradation constitute both
autrients for growth and regulators of the production of ligne-
cellulolytic enzymes (G, 42, 43). Among these microorganisms,
filamentous fungi such as Trichoderma spp. and Aspergilus spp.
are especially good secretors of lignocellulolvtic enzymes (1)
Morcover, Aspergiflus niger produces enzymes named feruloyl
csterases (EC 3.1.1.73), a sulclass of the carboxylic ester hy-
drofases, that are able to hydroiyze diferulate cross-links in
plant cell walls, facilituting the access of main-chain-degrading
enzymes to the polysaccharide backbone (8, 46). Furthermore,
ferulovi esterases release cross-lnked aromatic acids, such as
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ferulic acid, which is an attractive industrial compound by
virtue of ifs antioxidant, photoprotectant properties (18) and
its potential biotrapsformation to vunillin as a food flavor pre-
cursor (25),

A second system of degradation has evolved among anaer-
obic microorganisms that are subjected to more-drastic cner-
getic constraints. Anaerobic fungi and bacteria produce high-
molecular-mass complexes called ceflulosames, where different
types of enzymes are bound fo & scuffolding protein {for re-
views, see references 38 and 39). Among bacteria, the celluio-
somes from Clostridinen spp. are the most studied complexes,
In addition w a catalytic domain, all cellulosomal enzymes
inchude a dockerin domain, usually in the C terminus, that
allows their incorporation along the scaffoldin. The scaffoldin
contains a cellifose-binding domain (11} and multiple copies
of cohesin domains that interact with the dockerin on the
cetlulosomal enzymes. Thi: hi’ndiﬂg s mediated by a high-
affinity interaction (=10° M ") among complementary dock-
crin-cehesin domaing {13, 29). The kighly conserved dockerin

domain is characterized by two Ca” -binding sites with se-
quence similanty to the EF-hand mwotif {27). The multiensy-
matic complex facifitales @ stronger synerpisiic effect umong

stem (S, 15, 22).
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chimeric bacterial celulosomes were desipned to evaluate the
level of synergy when defined recombimant cellulases were
mcorporated onto scaffoldin proteins. Results confirmed an
cfficient synergistic effect by use of these chimeric ceflulases
with cellulose as the substrate (12, 14). Therefore, cellulosome
hybrids with chimeric constructs could be used in interesting
strategles o increase the synergistic effect between grafted
cnzymes (10). Chimeric cellulosomes should be a powerlul
method for improving enzymatic efficicney for degradation of
plant celi walls and hence could bave an important impact in
bictechnology by valorizing lignoceilutosic biomass {2, 3).

In the present work, cur aim was to design and produce a
chimeric protein composed of a noncellulolytic fungal enzyme
fused to a bacterial dockerin domain. The feruloyl esterase A
(FAEA) from A niger was associated with the Cel48S dockerin
from Clostridium thermocellum and produced in A, niger as a
hest of choice for large-scale production. Moreover, the chi-
meric enzyme was analyzed for its capacity to bind to the
complementary cohesin domain of C. thermocellum.

MATERIALSY AND METHODS

Strains and cullure eedin, Fsclierichio coli JMi{9 {Promega) was used for
constrection und propagation of vectors, and A. miger strain D15#26 (mrG™)
(16} was used for heterologous expression of the recombinant proteins. A. niger
frapsformants were grown on selective solid minimal medinm (withoat unding)
containing 70 mM NaMNO; 7 mM KCEL 11 mM KILEPO,, 2 mM MgSO, 1%
(wifvol) givcose, and (race elements {1000 stock: 76 mM ZnS(3,, 25 mM
MiCly, 18 mM FeSO,, 7.1 mM Coll,, 6.4 mM CuSO,, 6.2 mM Na;MoeO,, 174
dd EDTA).

Expression veetors. For each of the expression vectors pFD, pDF, and pGBDF,
{fusion of bath the sequences (faed [7] trom A niger and the dackerin sequence
from C. thermocelium CeldBSY was performed by overlap extension PCR (19).
The A niger PAFA-encoding region was amplified by using the forward primer
5 -CCCTCATOGAAGCAATTTICTGC-3 (with the BspHI site underlined} and
the reverse primer 3-AGGGCTTGTCTTGGUCCAAGTACAAGCTCC Y for
plasmid pFIY or the fooward primer 3 TTGCCGTACAAGAACGCCTCCACTH
AAGCGC-3" and the reverse primer §-ATTAAGCTTTTAGTGGIGGTGETES
GTGGTGCCAAGTTACAAGUICCGC-3 (with the HindIl site underlined)
for plasmid pDF {the His rag is boldfaced in all sequences), The region coding
fior the dockerin domam from C tharmocelfion Cel488 was amplifiad by using the
forward primer 5'- GGAGC’ITGTACT’TGGG('C‘A‘XG ACAAGCCCT-3 und
the geverse primer 53 CCCAAGCITITAGTGCTGETGGTGGTGGTGGTTCT
TOGTACGGCAATGT-3" (HindII site underlined} for plasmid pFD or the for-
ward primer §5-TTAGUOGCCCCAAGACAAGCCCTAGCCCAT-3 (BssHI
site underined) and the revorse primer 3°-GCCTTGCGTGGAGGCGTTCTT
CTTGTACGGCAA-Y for plasmid pDT. Both resultant overdapping fragments
ware mixed for cach conséruct, and a fused fripment was synthesized by using
only extermal primers. The fragments were cloned into BasHTL-HundF [-inear-
el pANSLA for pDI and into Neol-HindHI-inearized pANS23 for pFD,
pGIF was constructed by using pDXF as o templase for PCR ampiification of the
D¥F sequence with the forward primer 5-ACGGCOGCOGGCCAATGTCATTT
CCAAGCGO-Y (Nar] sde underlined) containing the sequence encoding ihe
kex-2 site (ANVISKR) and the reverse primer S-ATTAGATCTTTAGTGO TG
GTGETGETGEIGCCAAGTACAAGCTCCGCT-3" (Bl site underiined)
The PCR product was cloacd into Narl-BgiTi-linearizced pAN36.1, generating
pGHF. I these vectors, the Aspergilius nididans glyceraldebyde-3-phasphate
debvdrogenase gene (gpdd) promoter, (he 37 yiranslated region of the mpdd
mRMNA, and the A aidefans pC terminator were used to drive the expresston of
recombnnanl sequences. Moreover, i ihe case of pDF, the 24-amino-asid ghi-
o servednd 3G inithale secretion of
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Screening of the feruluyl esterase activity. In ordor to screen the fernloyt
esterase production in Hguld medinm for each expression vector, 30 mdividual
transformants were cultivated in 160 mi of selective enltere medinm coataining
70 md NaMNO,, T oM KCL 200 oM Na HPO, 2 mdM MgS0,, 5% (wifvol
ghreose, and trace ¢lements und were inoculared with 16° sporesml in a 300-mi
batfled ffask. The culture was monitored for 12 duys at 30°C in a shaker incubator
(130 rpm}. The pif was adjasted to 5.5 daily with a 1 M citric ucid solution. Each
culture condition was performed in duplicate. From liquid culiure medium,
aliquots {1 mi) were collected and the myceliuvm was removed by filtration,
Esterase activity was sssuyed as previously described (33} by using methy feru-
late {MFA} as a substrate. Acuvilies were expressed in nanokatals; 1 nkat is
defioed as the amount of enzvine that catalyzes the release of 1 nmol of ferutic
acid per s under established conditions. Fach exporiment was performed in
duphicate and measured in wiplicate, and the stondurd deviation was less than 1%
of the mean.

Protein anafysis, Protcin concenirations were determioed by the mothod of
Lowry et al. {26) with hovine serum albumin as the standard. Protzin sroduction
was analyzed by using Coomassic blog-stsined sodium dedecyl sulfare-12%
pelvaciylamide gel electrophoresis (SD3-12% PAGE) slab gels

Preparation of the intraceliular fraction. Three grams (wet weight) of myce-
livma was ground in & martar conlzining sterile sand at 4°C. A sterife solution of
sxtraction buffer {300 mM merpholinepropanesolionic acid [MOPS],  mM
CaCl; [pH 6]} was added 10 obiain 1 homogenons suspension, and the sumples
were cenirifuged at 6,500 % g for 13 min. The supematant was concentrated by
using Amicon Ultra centrifigal fller devices {Millipare) to obtain a inal volume
of 250 ul.

Western blot analysis. Exiracellulur proteins (corresponding to a supernatznat
volume of 70 ) and intracellviar proteing (6 pl) wers slectrophoresed in an
SD3-12% polyacrylamide get by the method of Laemmali {23} and slectrublotted
onto a BASS nitriellulose membrane (Schieicher and Schuell} 2t room tem-
perature for 45 min. The membranc was incobated in blocking selution (S0 mM
Tris, 150 mM Nall, wmd 2% [volvol} milic [pH 7.5]) overnight at 4°C. The
membrane was then washed with Tris-buffered sabme-0.2% Tween and treated
with blockiag solution containing an anti-FALA serum at a difution of 14,000
The membrane was incubated with goat anti-rabbit immunoglobelin G conju-
ated with herseradish pecoxidase (Promega), and signals were detected with a
chemilumineseence Western blotting kit (Roche’.

Northern blot unalysis. Total RNA was isulated at various time points from
biomass aliquots of A adger as descrived by Wessels et al. (45). A 13-p aliguor
of totil RNA wis depatured at 63°C in # loading buffer mixtwe comtaining
formamide and tormaldehyde {37} and loaded ento a 1% Tris-acetate-EDTA
agarose gel contaiing 0% formaldehyde. After elecirophoresis, RNA was blot-
ted onto a Hybond N membrane and TV cross-linked for T min (0.6 - om™*
- min ™) The Blots were probed witht a “P-labeled probe consisting of the fie?
ard dockerin sequences; for the loading contrel, 2 PCR-amplificd 185 DNA was
used as a probe. Blotted membranes were hybridized overnight at 65°C in a
butfer containing 8.5 M sodium phosphate buffer (pld 7.23 with 001 M EIYEA,
7% (wifvol) SDS, and 2% (wi/val) blocking reagent {Roche Molecular Biochemi-
culs) The most stringent posthybridization wash consisted of two | 5-min washss
in 0.2 55C {1 85C is 415 M NaCl plus 0015 M sodinm citrate butter [pH
7.07) comtaining 1% (wiivel) SDS ai 65°C. The blofs were exposed to Xray film
{Bicmax MR; Eastman Keduk Company) overnight at room tempersture.

Biotin kabeling of protein and detection of bivtin-labeled protein. Biotinylation
of C2CBD, containing a cohesin from C themmnocellum avd the adjacent cellu-
lose-binding domain (47}, was performedd with biotinyl N-hydroxpsucanimide
aater as deseribed in the biotin labeling kit instructions {Roche). Total extracel-
lular proteins (corresponding 1o @ supernatant voume of 200 ul} and teial
intracellofar proteing {13 pl) were lozded onto an $08-12% PAGE gel and
transterred to & BASS vitroceHulose membrane. Nonspecific binding was blockad
by incubation with blocking solution. After overnight jocubuation, Blocking selu-
tion containing 65 ug of biotinylated CICBD way incvbated, and Tubeled proteins
were defected willh the Western blotting kit according to the manufacturer's

recommended procedures {BigtiySireptaviding, Roche).

RESULTS

Design wad produciien of chimeric proteins. In order o
nmduce a fungal eneyme that could be grafted onto a scaffcid-
ng profein, we designoed two plasmids, g}} ‘3 and pDF, contais-
ing the sequence encoding FARA (Y09330) fiom 4w/

fised upstream aud downstream, .wpp ctively, (0 the docke
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TABLE 1. Expression vectors and strategy ol constructions used in
this work

Consipd Vector Plasmid Seerction Reference
' ased syslar OF S0UICe
FAEA pAN323 pF 55 {faed} 24
FAEA-Doc pANS523 pFD ss {fied} This study
Doc-FAEA pANSZA4 pDF sx (glad) This study
Doc-FAEA PANSGL pGDOF glad carrier This study

domain of cellulase Celd8S from C. thermocellum. Both fusions
were placed under the control of the gpd4 promoter and the
ipC terminator and contained the glucoumylase preprose-
quence ol A pger to target the secretion (Table 1, pFI) and
pDE). A riger DIS#20 protoplasts were cotranslormed with a
mixture of plasmid pAB4.1 and expression vectors, Transfor-
mants were selecied [or their abilities to grow on a minimal
medium plate without uridine. For each construct, approxi-
malely 100 uridine prototrophic transformants were obtained
per pg of expression vector. A fungal PCR colony was effected
to control the integration of the expression cassette info the 1.
miger genome. Forty transformants were inoculated into a glo-
cose-containing minimal medium, repressing endogenous faed
gene expression, and their extracellular medivm was tested for
esterase activity. Esterase activity was detected for transfor-
mants containing the FAEA-Doc expression cassette, whereas
no activity was measured for any of the clones transformed by
plasmid pDF or for the untransformed hest. For FAEA-Doc
transformants, esterase activity against MFA as the subsirate
ranged from (.1 to 0.4 nkat/ml. Esterase activity was detected
on day 3 and increased strongly until day 10 to rcach a maxi-
mum of 0.4 nkat/ml for the clone exhibiting the highest activity
{Fig. 1}, This activity was estimated to be fivefald higher than
that obtained with the wild-type strain BREM281 under opti-
mal conditions of production using maize bran as an inducer
25).
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FIG. 2. SDS-PAGE and Western blot analysis of extraceilulur pro-
teins produced by the FAEA-Dioc and Doc-FAEA lransformants, The
purilied FAEA (lanes 1) and total proteins from the FAEA-Doc trans-
formant (lanes 2), the Doc-FAEA wransformant (lanes 3), and a nen-
transformed strain (lanes 4) were loaded unto an SDS-PAGE {(11%
polyacrylamide) gel. The gel was stuined with Coomassie blue (A}, or
Western blotiing using antibodies raised against A niger FAEA IO~
letn wuy performed (B). Lane 8D, molecular size standards.

Biochemical characterization of the chimeric proteins. Total
proteins in the supernatant were analyzed by SDS-PAGE, and
a major band with a molccular mass close o 38 kDa was
revezled for FAEA-Dwoc wansformants (Fig. 2A). For Doc-
FAEA transformants, no predominant band was observed, in-
dicating that the lack of activity was due to a lack of Doc-
FAEA protein production rather than to an inuctivared
chimeric proteip. Immunodetection of the FAEA-Doc and
Dec-FAEA proteins was parformed using antibodies raised
against FABEA (Fig. 2B). Western blot analysis showed a
unique band corresponding to the 38-kDa protein, demon-
strating that this protein was the chimeric TAFRA-Doe fusion,
The difference in molecular mass between purified FAEA (36
kDa} and the FAEA-Doc fusion (38 kDa) did net match with
the expected size, since the molecular mass of the chimeric
protein was estimated at around 43 kDa, Moreover, far-West-
ern blotting using biotinylated cohesing from C. thermocellion
as the probe confirmed the absence of the dockerin module in
the supernatant produced by the FAEA-Doc {and Doc-
FAHA} transformant, since no interaction signals were de-
tected (data not shown). To exclude intraceliular refention of
the Doc-FAEA protein, we veriffed that the correspending
recombinant proteins had not accumutated in the myeelivm
cells of 4. niger.

Gene expression analysis. In order to analyze genc expres-
sion in both FAEA-Doc and Doc-FALA transtormants at ihe
iranscriptionat level, Northern blot analysis was performesd for
pene withaut dockerin was used for jred genc transcripiion
control {fane 1% An 185 gene probe was used as a0 internal
contrel to menitor the amount of RNA icaded in each jane. By
using FAFA and dockerin probes, simifar lovels of evpression
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FIG. 3. Northers blot analysis of total RNAs tsolated (rom biomass
aliquots of A. niger transformants. Total RNAs {10 pg) from A wiger
transformed with pF (lane 1), pFD (lane 2), or pDF (lane 3} and from
nontransformed strain 15 (lane 4) were clecirobloticd and hybrid-
ized] with fued and dockerin ¢cDNA probes from A niger (A) and C.
thermocetlum (), respectively, The PCR-amplified 185 DNA was used
as 1 probe for the loading control {C),

ware detected for the FAEA-Doc and Doc-FAEA transfor-
mants (Fig. 3A and B, lanes 2 and 3). Mareover, for the two
fusions, foed-dockerin mRMNAs of similar sizes were detected.
Consegquently, the absence of chimeric IDF protein production
was clearly not related to a transcriptional bottleneck.

Study of the chimeric Doe-FAEA protein production nsing a
glucoamylase carrier strategy. The results described ubove
indicate that the localization of the dockerin module down-
stream of the FAEA lcads to production of & truncated chi-
meric protein without dockerin. Morcover, when the bacterial
dockerin-encoding sequence was expressed as a 57 fusion to the
fungal faed gene, no protein was produced. Based on these
results, we used a second stralegy based on the fusion of the
Doc-FABA chimera to a carrier prolein. With this strategy, the
sequence encoding the first 514 amino acids of the well-se-
creted glucoamylase from A niger (GLAL-514) 15 believed Lo
improve the secretion efficiency of the Doc-FAEA protein by
facilitating translocation and subsequent foldisg in the endo-
plasmic reticulum. [n this genetic construction (pGIIF [Tahle
113, this sequence was fused upstream of the doc-faed se-
quences, and a dibasic proteolytic processing site {fex-2) was
introduced between the corresponding scquences encoding the
GLAL-514 and Doc-FAEA proteins. Time course analysis of
the feruloyl esterasc sctivily produced by the best Doc-FAEA
transformant showed a maximal activity of about 1.7 nkat/ml at
day 8 (Fig. 4). Then esterase activity decreased, probably due
to proteolytic degradation. This activity is approximately 20-
fold-higher than the activity measured for the wild-type strain
BRYMZ81 using maize bran &s an inducer.

Biochemical characterization of Doc-FAEA. {i) SDS-PAGE
analysis of extracellutar and intracellular proteins. To moni-
tor the production of the chimeric Doc-FAELA protein in the
intraceilular and extraccllular fractions of the fangus, total
proteins were analyzed by SUS-PAGE from days 3 to HHEFig,
). From day 3, two predominant bands arcund 30 and 43 ks
wore observed in the extracellular medium, i contrass 1o that
of the wild-type strain D15, where no major bapnd was present,
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F1{:. 4. Time course aclivity of the {eruloyl esterase produced by
the Doc-FAEA transformant (pGDF constrioet). Activity was mea-
suted in the extracellular medium of the fungus by using MFA us the
substrate.

The intensity of hands increased with incubation time, in ac-
cordance with the time course activity observations. These
molecular masses were in completle agreement with those es-
timated for GLAL-314 and an intact chimeric Doc-FAEA pro-
tein, respectively, indicating correct processing of the GlaA
carrier. With regard to total intracellular proteins, no clear
protein accumulation was observed for the Doc-FAEA trans-
formant.

(ii) Detection of the chimeric Doc-FAEA protein by cohesin-
dockerin interaction and Western blot analysis. In order to
confirm the production of an intact and functional chimeric
Doc-FAEA protein, dockerin-cobesin interaction tests were
carried out by using extraceliular and intracellular fractions
from day 3 to 10 (Fig. &). Proteins from the untransformed
strain 113 and engineered CelSE (12) from C. celldolyticum
with a C. thermocellin dockerin appended served ag negative
and positive controls for dockerin-cohasin interactions, respec-
tively. From day 6, two proteins with molecular masscs around
43 and 7 kDa werce detected in the extraceilular medium. Ac-
cording to thase molecular masses, we supposed that the la-
beled cohesins interacted with a whele Doc-FAEA protein (7
+ 36 kDa) but also with a single dockerin module (7 kDa)
cleaved from the Doc-FAEA protain. In the imtraceliular frac-
tien, a very high molecular mass was detected from day 5, 1 day
carlier than detection of scercted Doc-FAEA protein. This
result sugpests that Doc-FABA s present in the secretion
pathway, as an intermediary profein fused o the carrier glu-
coamylase, with a global molecular mass close 1o 120 kDa. This
protein is processed in the late Golgl apparatus, where the
fungal Kex-2-like protein is expected to be active (40). Conse-
quently, this high-molecular-meass protein could be the imma-
jure Doc-FAEA form fused to glucoamylase.

To complete and validate previous resuits, tofad exiracetiular
and intraceliular proteing were loaded onto un SDE-PAGE gol
and immunodstected by ustag antibodies raised against FAEA
protein (Lig. 71 In the sxiraceilular medivm (Fig. 7, lane 23,
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FEG. 5. Production of chimeric Doc-FAEA protein in the extracellutar and intracelluizr {ractions from A, niger transformants. Lanes: 8D,
maolecelar size standards; 1, purified FAEA; NT, nontransformed strain D15 at day & € and I, extracellular and intracelular fracrions, respectively,

protein bands of approximately 43 and 36 kDa were detected.
The first, large band correspunds to the whole Doc-FAEA
protein, whereas the small band, with a molecular mass close to
that of the purified FAEA, is a cleaved form of Doc-FAEA
(Fig. 7, lane 1). In the intracellular fraction, both 36- and
43-kDa proteins couid be observed. In addition, a protein with
a molecular mass of around 126 kIDa, corresponding to the
noncleaved GLA1-514-Doc-FAEA form, was aiso detected.

DISCUSSION

The bacterial cellulosome s a very elfective system for in-
creasing the synergistic effect belween enzymes, These positive

eftects were determined en orysialline cellulose by using hybrid
cellulases conlaining dockerin domains of different clostridial
species incorporated into chimeric scaffoldin protein {12, 14).
In the present work, our aim was to produce a fungal enzyme
difterent from bacterial cellulase, to be prafted into a cellulo-
some complex. This work will be included in uture studies
comparing the synergistic effects of free and grafted fungal and
nonfungal enzymes for plant cell wall degradation. Therefore,
we developed a strategy to secrete a chimeric fungal enzyme
fused to a bacterial dockerin module in A. niger. This fungus is
a well-known host for prolein overproduction, producing com-
plex enzymes that require posttranslational modifications, such
as glycosylation. Thus, the producticn of chimeric proteins
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FIG. 7. Western blot analysis of éxtracellular and intracellular pro-
teins from the Doc-FAEA transformant. Lane SD, molecular size
standards; lave 1, purified FAEA; lanes 7 and 4, extracelular medinn
at day 9 from the Doc-TFAEA transformant and the wild-type strain,
respectively; lanes 3 and 3, intraceliular medinm at day 9 from the
Doc-FAEA transformant and the wild-type strain, rospectively.

consisting of a complex eukarvotic enzyme fused to a bacterial
dockerin domain provided an extension to the production of E.
coli hybrid cellufases,

In the first approach, the dockerin module from C. thermo-
celfum was fused fo a well-secreted protein, A, niger FAEA.
Both N-terminal and C-terminal fusions of the bacterial mod-
ule were attempted to allow a correct folding of both partners.
Feroloyl esterase activity in the extracellular mediom from
FAEA-Doc transformants was fivefold higher than that of the
reference strain, This improvement factor is less than that
abtained for homologous production of FAEA in A, niger {34).
Apparently, as seen for other fusion proteins, the production
yield was negatively ulfccted by the presence of the bacterial
domain {21, 31, 35, 36). In addition, we observed that FAEA-
Doc protein wus produced as a truncated form. The cleavage
site is located at the beginning of the dockerin N-terminal end,
since a very weak molecular mass diffierence between FAEA-
Ddoc and native FATRA was observed. The C-terminal fusion of
the bacterial domain generates an unstable siructure, leading
to a proteolytic ar physical cleavage between the two partners,
and as 2 consequence, the corresponding construct was not
considered in the subsequent experiment,

The Doc-FAEA construct produced no chimeric protein, in
agreement with the lack of feruloyl esterase activity in the
extracelfular mediem. The detection of mRNA encoding the
chimeric Doc-FAEA protein indicates that the bottleneck for
Doc-FAEA production Hes at a positranseripticnal level. Thus,
the location of the bacterial domain next to the fungal protein
18 an essential parameter to consider for this overproduction.
I carlier studies, methods were developed to afleviale limita-
tivns for protein production in fungal hosts. An efficient stral-
cpy is bused on the use of translational fusions in which the
targuted prorein is fused to an endogenous sscreted carrier
proteis at the Neterminal end of the heterclogeus protein (17,
35). The Neserminal carrier protein & believed 1o improve the
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secretion efficieacy of the heterologous pratein by facilitating
transtocation and folding in the endoplasmic reticulum, These
results could explain differences between FAEA-Doc and Dioc-
FAEA protein production. Indeed, for the FAEA-Doe con-
struction, the N-terminal FAEA played the role of currier
protein, in contrast to Doe-FABA, where the FAEA was lo-
cated C-terminal ko the dockerin. Tn addition, Ward and co-
workers (44) demonstrated that an autocatalytic release be-
tween the carrier and the heterologous protein was possible,
which could explain the (act that only the truncated form of
FABEA-Doc was detected.

We designed u new construct in which the Doc-FAEA, ga-
quence was located downstream of a partial sequence from A.
niger glucoamylase (GLA1-514) and the ker-2 site (4, &). Thus,
the recombinant protein will be recognized and processed in
viva at this consensus dibasic proteolytic processing site {Kex2
site) in the (rans-Golgi network by the kexin family of pra-
teases (30, 403 By use of this strategy, the negative cffect
generated by the bucterial dockerin was reduced and an in-
creased esterase activity was detected in the extracellular me-
dium, demonstrating the cfficiency of the fusion to the carrier
protein. Moreover, the esterase activity was even 4- and 20-fold
higher, respectively, than those obtained for the FAEA-Dac
transformant and the wild-type strain under optimal induction
conditions, cenfirming that glacoamylase is the currier protein
of choice for such a construct. Glucoamylase was used in pre-
vious work to successfully produce recombinant proleins such
as porcine pancreatic prophospholipase A2, human interle-
kin-6, or hen egg white lysozyme (6, 17, 20, 21, 33). Based on
the specific activity of purified Doc-FAEA, we estimated a
production yield of 100 mg per liter. The cohesin-dockerin
interaction assay revealed two extraccllular bands of about 43
and 8 kD interacting with the labeled scaffoldin & protein. The
recombinant extracellular Doc-FAEA protein was partially
cleaved, producing two forms: an intact Doe-FAEA protein
containing a dockerin domain and s truncated form where the
dackerin was separaled from the cnzymatic partner. This
cleaved dockerin possessed two conserved duplicated se-
quences, each containing a calcium binding motif, allowing the
dackerin domain to bind 1o cohesins (27). 1n addition to a
unique extraceilular band of 43 kDa interacting with cohesing,
antibodics raised against FAEA recoghized a second, minor
band of about 36 kDa. This form corresponded to the FAEA,
without dockerin from partially cleaved Doe-FAEA, confirm-
ing previous results of cohesin-dockerin assays. Therefore, the
cleavage occurred near the linker region between dockerin and
FAEA, leading to two functional domains with the majority of
the Doc-FAEA in the intact form, as shown by Western blot
analysis. In order to improve the stability and the final recovery
of intact Doc-FAEA, this linker region might he modified, Le.,
by adding glycosylation sites [N-X-(ST]. 1n the cellular cx-
tract, a very high molecular weight protein was detected by the
cohesin-tockerin interaction assay and Western blotting. This
torm was suggested o be a nonprocessed GlaA-Kex2-Doc.
FALLA protein. Tmmunodetection also revealed two ather pra-
teins, corresponding to 2 major, intact Do FABA and 2 mi-
1o, cleaved Doc-FAEA, The intracellular Doc-FABA protein
{around 43 kDa) could be observed in the terminal step of the
secretion pathway, becsase the Kex? site was aready cleaved
in the trans-Golgl apparatus. However, interaction of this Doo-
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FAEA protein form was not detected with labeled cohesing,
indicating that this protein was not completely processed until
the extrucellufar medinm. No experiments fusing the FAEA-
Doc construct to & carrier protein were carried out, because
the uira of the study was achieved, but future work (o invest-
gase if the C-terminai dackerin end would be pratected by the
glucoamylase protein is envisaged.

The aim of this study was to preduce in A, niger a chimeric

protein fusing a fungal enzyime and a bacterial dockerin do-
main, In this work, # strategy was developed to produce the
first fungal enzyme able to be incorporated in vitro intw a
bacterial cellulosome from C. thermocelium. Future work will
be perforimed to modify the linker region between the dockerin
and the fungal enzyme. Morcover, other complementary cn-
zymes, such us metalloenzymes which cannot be prodeced in
bacterial hosts, will be fused to dockerin from dillerent species.
All these chimeric cnzymes might be assembled onto chimeric
celhiosomes, and the resultant synergy of degradation could
be estimated.
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