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Engineering endoglucanase-secreting strains of ethanologenic
Klebsiella oxytoca P2
S Zhou and LO Ingram

Institute of Food and Agricultural Sciences, Department of Microbiology and Cell Science, University of Florida,
Gainesville, FL 32611, USA

Recombinant Klebsiella oxytoca P2 was developed as a biocatalyst for the simultaneous saccharification and fer-
mentation (SSF) of cellulose by chromosomally integrating Zymomonas mobilis genes (pdc, adhB) encoding the
ethanol pathway. This strain contains the native ability to transport and metabolize cellobiose, eliminating the need

to supplement with  B-glucosidase during SSF. To increase the utility of this biocatalyst, we have now chromosomally
integrated the celZ gene encoding the primary endoglucanase from Erwinia chrysanthemi . This gene was expressed
at high levels by replacing the native promoter with a surrogate promoter derived from Z. mobilis DNA. With the
addition of out genes encoding the type Il protein secretion system from E. chrysanthemi , over half of the active
endoglucanase (EGZ) was secreted into the extracellular environment. The two most active strains, SZ2(pCPP2006)

and SZ6(pCPP2006), produced approximately 24 000 IU L ~* of CMCase activity, equivalent to 5% of total cellular
protein. Recombinant EGZ partially depolymerized acid-swollen cellulose and allowed the production of small
amounts of ethanol by SZ6(pCPP2006) without the addition of fungal cellulase. However, additional endoglucanase
activities will be required to complete the depolymerization of cellulose into small soluble products which can be
efficiently metabolized to ethanol.
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Introduction functional insertion of genes encoding cellulase production
into strains which contain an efficient ethanol pathway

Bioconversion of lignocellulosic biomass into fuel ethanol 9,22,29,32]. Both approaches require secretion of high

offers the potential to reduce our dependence on importe ' "

petroleumpand improve the qualitypof the environfnent vels of multiple cellulase activities (endoglucanase, exo-
[13,16]. Although many aspects of this technology havegtjcfti)nnaisrf,aargfljg{ugi%ilgtzslegt and efficient ethanol pro-
been demonstrated, the current challenge is to develop daWe have focused on thg iﬁcremental improvement of
cost-effective process for commercialization [15,31,37]. ic b . S icrobial bl fp for th
Considerable progress has been made by the genetic engi nteric bacteria as promising microbial platforms for the

. . ; . g irect microbial conversion process [16{lebsiella oxy-
eering of enteric bacteria for ethanol production from hem ltoca M5AL, a hardy prototrophic bacterium, was selected

e ovemmon e o e ok of et sacopalor molficaton. T organim has the e abify I
metabolize cellobiose, cellotriose, xylobiose, Xxylotriose,

ification are ngeded for industrial ethanol prodyction [23].Sucrose and all monomeric sugars which are constituents
The Gulf_Oll Company patented a process In 1976 forof lignocellulose. The fermentation pathway in M5A1 has

the production of ethanol from cellulose using simultaneoug, . .~ o irected to produce ethanol efficiently by chromo-

saccharification and fermentation (SSF) [9]. In this process mally integrating theedc and adhB genes fromZymo-

. )
fungal cellulase preparations and yeasts were added to% it . . )
slurry of the cellulosic substrate in a single vessel. Ethano onas mobili$35]. The resulting strain, P2, produced etha

; ] ;
was produced concurrently during cellulose hydrolysis. Aphoelofrreot:‘cr:]alsoileulgleTr?iics(:trr]:il:]d:()Snt?atingzﬁ a(t)i]:/;hehonsqa;](:)rzlﬁ]g;-
variation of this process, direct microbial conversion, has yleld. phosp

- “pyruvate-dependent phosphotransferase system and phos-
Ff EZ] prlgoprotsjiericiorT:iecciggiealtr::%n?/%SrtsigL eg'i?r?gIgr%jilé?g?ﬁhocellobiase for cellobiose metabolism, eliminating the

: . . need for supplementgs-glucosidase [21,35]K. oxytoca
organism or a consortium must be developed which PTop produces ethanol efficiently from a variety of cellulosic

gilé(;?i%r?g no; :::t aebnozl?lzrgse?hger?;ﬁr:y fs?; g?!l:éoztehgggfaa ubstrates in SSF tests using fungal enzymes [8,15,35]. For
g sug irect microbial conversion, further improvements are

Although this has yet to be achieved, two approaches argeeded such as the addition of secreted endoglucanase and

being pursued to develop a suitable biocatalyst: (1) funcéxoglucanase activities.

tional insertion of genes encoding the ethanol pathway into -
. . X The most abundant endoglucanase frenwinia chrys-
microorganisms which produce cellulase enzymes [3] (z)anthemiP86021 EGZ, has gbeen shown to functioz with

commercial fungal cellulase and P2 to improve ethanol pro-

Correspondence: LO Ingram, Dept Microbiology and Cell Science, IFAS,dUCt'On from_ mixed waste office paper [34]. TbelZgene
PO Box 110700, University of Florida, Gainesville, FL 32611, usa encoding this enzyme has been cloned and expressed at
Received 14 December 1998; accepted 4 March 1999 levels of approximately 3000 IUE. However, the recom-
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binant EGZ protein accumulated as a periplasmic productChromosomal integration of celZ
Additional treatments, harvesting of culture and cell disrup-Two approaches were investigated for chromosomal inte-
tion (ultrasound, detergent, solvent, or heat), were requiredration of celZ selection with a temperature-conditional
to release EGZ into the extracellular environment containplasmid (pLOI2183) using a procedure described pre-
ing insoluble cellulose [34]. viously for E. coli [11] and direct integration of circular
Current studies were undertaken to increaselZ DNA fragments lacking a functional replicon. This latter
expression and eliminate the requirement for additionamethod has been used successfully for chromosomal inte-
treatments to release EGZ. Expression ©#lZ was gration of Z. mobilisgenes encoding the ethanol pathway
increased eight-fold by replacing the native promoter andn E. coli B [21] andK. oxytocaM5A1 [35]. Circular DNA
chromosomal integration. Half of the recombinant endogluwas transformed into P2 by electroporation using a Bio-Rad
canase activity was secreted into the surrounding mediungene Pulser. Transformants were selected on solid medium
by adding theout genes encoding the type Il protein containing tetracycline (6 mg t) and tested on CMC
secretion system fror&. chrysanthemEC16 [12]. plates to confirm endoglucanase activity.

Materials and methods Endoglucanase activity
Expression oftcelZ with different promoters was evaluated

Bacteria, plasmids and culture conditions Py staining CMC plates for activity [36]. The diameters of

Strains and plasmids used are summarized in Table .
Escherichia coliand K. oxytocaM5AL were grown in the Yellow zones were used as a relative measureetd
Luria-Bertani broth (LB) containing per liter: 10 g Difco €XPression. Clones with the Iarg_e_st zocnes were further
(Detroit, MI, USA) tryptone, 5 g Difco yeast extract, and evaluated for endoglucanase activity at t35us'|ng car-
5 g sodium chloride, or Luria agar (LB supplemented with20xymethy! cellulose as the substrate (20g dissolved
15 g L™ of agar) [28]. CMC-plates (Luria agar plates con- N 50 mM citrate buffer, pH 5.2) [36]. Intracellular enc_ioglu—
taining 3g L carboxymethyl cellulose) were used to canase was released from cultures_by treatment with ultra-
screen colonies for endoglucanase activity [36]. For growtigound for 4 s (Model W-220F cell disruptor, Heat System-
of ethanologenic strains, glucose was added to solid medigltrasonics, Plainview, NY, USA). Endoglucanase activity
(20 g L)) and broth (50 g [%). Glucose was replaced with IS expressed agmol reducing sugar released per min (IU).
sorbitol (50 g %), a non-reducing sugar, in broth used for Reducing sugar was measured as described by Wood [36]
the determination of endoglucanase activity. Modified SOQUsing glucose as a standard.
medium was used to grow cultures for electroporation (20 g
L1 Difco tryptone, 5g L? yeast extract, 10 mM NaCl, o
2.5 mM KCI, 10 mM MgSQ, 10 mM MgCl, and 50 g L*  Substrate depolymerization
glucose) [28]. Ampicillin (50 mg L), spectinomycin Endoglucanase activity was determined using different sub-
(100 mg L%, kanamycin (50 mg t%), tetracycline (6 or Strates (20 g L' suspended in 50 mM citrate buffer, pH
12 mg L), and chloramphenicol (40, 200 or 600 mgtL.  5.2). Acid-swollen and ball-milled cellulose were prepared
were added as appropriate for selection. Unless state@s described by Wood [36K. oxytocaSZ6(pCPP2006)
otherwise, cultures were grown at &7 Ethanologenic was grown at 38C for 16 h in LB supplemented with sorbi-
strains and strains containing plasmids with a temperaturdol, a nonreducing sugar, as a source of EGZ. Dilutions of
sensitive pSC101 replicon were grown at'G0 cell-free broth were added to substrates and incubated at
35°C for 16 h. Several drops of chloroform were added to
Genetic methods prevent the growth of adventitious contaminants during
All plasmids were constructed usir coli DH5a as the incgbation. Samples were removed before and after incu-
host. Standard methods were used for plasmid constructiop@tion to measure reducing sugars by the DNS method [36].
and transformation [1,28]. Plasmid pLOI2306 and the cir-1 N€ degree of polymerization (DP) was estimated by divid-
cular DNA fragment lacking a replicon (Figure 1) were N9 the total calculated sugar residues present in the poly-
electroporated into the ethanologemic oxytocaP2 using Mer by the number of reducing ends.
a Bio-Rad (Hercules, CA, USA) Gene Pulser with the fol-
lowing conditions: 2.5 kV and 2aF [5] with a measured ]
time constant of 3.8-4.0 ms. THe. chrysanthemEC16 Fermentation _ _ o
secretion system (pCPP2006) was conjugated katoxy- Fermentatlon_s were carried out in 25(_)-m| flasks containing
tocausing pRK2013 for mobilization [20]. Small-scale and 100 ml of Luria broth supplemented with 50 g'lof carbo-
large-scale plasmid isolations were performed using thélydrate. Carbohydrates were sterilized separately and
TELT procedure [1] and a Promega (Madison, WI, USA)added after cooling. To minimize substrate changes, acid-
Wizard Kit, respectively. DNA fragments were isolated swollen cellulose, ball-milled cellulose and xylan were not
from gels using a Qiaquick Gel Extraction Kit from Qiagen autoclaved. Chloramphenicol (200 mg*). was added to
(Hilden, Germany). Chromosomal DNA froii. oxytoca prevent the growth of contaminating organisms. Flasks
M5A1 and Z. mobilis CP4 were isolated as described by were inoculated (10% v/v) with 24-h broth cultures (50 g
Cutting [6] and Yomano [38], respectively. DNA was L™ glucose) and incubated at 5 with agitation (100
sequenced using a LI-COR Model 4000-L DNA rpm) for 24-96 h. Samples were removed daily to deter-
sequencer [34]. mine the ethanol concentration by gas chromatography [7].
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Table 1 Strains and plasmids used in this study

Strains/plasmids Properties Sources/references
Strains
Zymomonas mobili€P4 prototrophic [17]
Escherichia coli
DH5« lacZ M15 recA Bethesda Research Laboratory
HB101 recA lacY recA ATCC 37159
Klebsiella oxytoca
M5A1 prototrophic [35]
P2 pfl::pdc adhB cat [35]
SZ1 pfl::pdc adhB cat integratedcelZ This study
SZ2 pfl::pdc adhB cat integratedcelZ This study
SZ3 pfl::pdc adhB cat integratedcelZ This study
Sz4 pfl::pdc adhB catintegratedcelZ This study
SZ5 pfl::pdc adhB cat integratedcelZ This study
SZ6 pfl::pdc adhB cat integratedcelZ This study
SZ7 pfl::pdc adhB cat;integratedcelZ This study
Sz8 pfl::pdc adhB cat;integratedcelZ This study
SZ9 pfl::pdc adhB cat;integratedcelZ This study
SZ10 pfl::pdc adhB cat;integratedcelZ This study
Plasmids
puUC19 bla cloning vector New England Biolab
pBR322 bla tet cloning vector New England Biolab
pLOI1620 bla celz [34]
pRK2013 kan mobilizing helper plasmid (mofp ATCC
pCPP2006 Sp 40-kbp fragment containingut genes fromE. chrysanthemiEC16 [12]
pST76-K kan low copy vector containing temperature-sensitive pSC101 replicon [24]
pLOI2164 bla celz (BarHI eliminated from pLOI1620) This study
pLOI2173 kan celZ(native celZ promoter) This study
pLOI2177 kan celZ(surrogate promoter frord. mobilig This study
pLOI2178 kan celZ(surrogate promoter frord. mobilig This study
pLOI2179 kan celZ(surrogate promoter frord. mobilig This study
pLOI2180 kan celZ(surrogate promoter frord. mobilig This study
pLOI2181 kan celZ(surrogate promoter frord. mobilig This study
pLOI2182 kan celZ(surrogate promoter frord. mobilig This study
pLOI2183 kan celZ(surrogate promoter frord. mobilig This study
pLOI2184 kan celZ(surrogate promoter frord. mobilig This study
pLOI2185 kan celZ(surrogate promoter frord. mobilig This study
pLOI2186 kan celZ(surrogate promoter frord. mobilig This study
pLOI2187 kan celZ(surrogate promoter frord. mobilig This study
pLOI2188 kan celZ(surrogate promoter frord. mobilig This study
pLOI2189 kan celZ(surrogate promoter frord. mobilig This study
pLOI2190 kan celZ(surrogate promoter frord. mobilig This study
pLOI2191 kan celZ(surrogate promoter frord. mobilig This study
pLOI2192 kan celZ(surrogate promoter frord. mobilig This study
pLOI2193 kan celZ(surrogate promoter frord. mobilig This study
pLOI2194 kan celZ(surrogate promoter frord. mobilig This study
pLOI2301 Asd linker inserted intoNdd site of pUC19 This study
pLOI2302 Asd linker inserted intoSag site of pLOI2301 This study
pLOI2303 Avd-EcdRl fragment from pBR322 inserted infest site of pLOI2302 This study
after Klenow treatment
pLOI2305 EcoRl DNA fragment ofK. oxytocaM5A1 genomic DNA ¢€a. 2.5 kb) This study
cloned into theSma site of pLOI2303
pLOI2306 EcoRI-SpH fragment from pLOI2183 cloned int&coRl site of This study
pLOI2305
Results fragment containing a promoterlesslZ gene was isolated

. . from pLOI2164 by digestion withNdd. After Klenow
Construction of a vector for the cloning of promoters treatment, this fragment was further digested wilindill

Random fragments of. mobilis DNA previously served . .
.10 remove downstream vector DNA, and ligated into
as an excellent source of surrogate promoters for enhancin C19 @indill to Hincll) to produce pLOI2170. The

heterologous gene expression i coli [17]. The same i
4 — BanHI-SpH fragment from pLOI2170 containing a pro-
%%;giﬂagzlwas also pursued fcelZ expression irK. oxy moterlesscelZ was ligated into 'ghe corresponding site; _of
A suitable vector was constructed using pIasmidpST?G'K’ a I.OW copy vector W'th.a temperature-sensitive
pLOI1620 as a source of theelZ gene [34]. TheBarHI pSCl_Ol repl_|con [24]. The res_,ultlng plasm|q, pL(_)I2171,
) contains a singldanH| site suitable for the insertion of

site in this plasmid was eliminated by digestion, Klenow . ;
TP promoter fragments, immediately upstream from te¢Z
treatment, and self-ligation to produce pLOI2164. A DNA ribosomal binding region. For comparison, teoRI-SpH
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Figure 1 Construction of thecelZ integration vector pLOI2306. mcs, multiple cloning site.
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fragment containing the nativeelZ gene (with promoter) to integratecelZ into the chromosome of strain P2 using
from pLOI2164 was also cloned into pST76-EdoRl to  pLOI2183 were unsuccessful but resulted in the production

SpH) to produce the control plasmid, pLOI2173. of a fusion plasmid. This plasmid may result from fusion
with a native cryptic plasmid. It was readily transformed
Screening promoters for enhancing celZ expression into E. coli DH5« but was not studied further.

SawBAl-digestedZ. mobilis DNA fragments were ligated
into the BanHI site of pLOI2171 to generate a library of
potential promoters. These plasmids were transformed int@hromosomal integration of celZ with a circular DNA
E. coli DH5« for initial screening. Of the 18 000 colonies A second vector was designed for the integratiorcelz
individually tested on CMC plates, 75 clones producedinto P2. This vector (pLOI2306) was constructed to facili-
larger yellow zones than the control (pLOI2173). Plasmidstate the isolation of a DNA fragment which lacked all repli-
from these 75 clones were then transformed Kitoxytoca cation functions but contained tloelZ gene with surrogate
M5A1, retested, and found to express high levelxelz  promoter, a selectable marker, and a homologous DNA
in this second host. fragment for integration (Figure 1). TwAsd sites were
The 18 M5AL1 clones (pLOI2177—pLOI2194) with the added to pUC19 by inserting a linker (GGCGCGCC) into
largest zones were grown in LB broth and assayed for enddlenow-treatedNdd and Sap sites which flank the poly-
glucanase activity (Table 2). Activities with these plasmidslinker region to produce pLOI2302. A blunt fragment con-
were up to eight-fold higher than with the control plasmid taining thetetgene from pBR322EcoR| andAva, Klenow
containing a nativecelZ promoter (pLOI2173). The four treatment) was cloned into thest site of pLOI2302 Pst,
plasmids which produced the largest zones (pLOI2177Klenow treatment) to produce pLOI2303. A blunt fragment
pLOI2180, pLOI2182 and pLOI2183) also produced theof K. oxytocaM5A1 chromosomal DNA EcaRl, Klenow
highest total endoglucanase activities (approximatelytreatment) was ligated into th®ma site of pLOI2303 to
20 000 IU LY in broth. One of these plasmids, pLOI2183, produce pLOI2305. TheEcaRI-SpH fragment (Klenow
was selected for chromosomal integration. treated) containing the surrogafe mobilis promoter and
celZz gene from pLOI2183 was ligated into tiecoRI site
Chromosomal integration of celZ with a temperature- of pLOI2305 Ecarl, Klenow treatment) to produce
sensitive plasmid pLOI2306.
Gene integration using a temperature-sensitive pSC101 Digestion of pLOI2306 withAsd produced two frag-
replicon has been successfully usedEincoli [11,21] but  ments, the larger of which contained tkelZ gene with
has not been tested i oxytocaM5A1 or P2. Our attempts  surrogate promotetet gene and chromosomal DNA frag-
ment for homologous recombination. This larger fragment
Table 2 Evaluation of promoters forelZ expression and secretion i (10 kbp) was purified by agarose gel electrophoresis, circu-

oxytocaM5A1 larized by self-ligation, and electroporated into P2 with
selection for tetracycline resistance. The resulting 21 tetra-
Plasmid3 No secretion genes Secretion genes present cycline-resistant colonies were purified and tested on CMC
(pPCPP2006) plates. All were positive with large zones indicating func-
. tional expression otelZ Clones were tested for the pres-
To(tl"a' E‘?f;\b”ty gsg\:ﬁ;ed actTi\?i:;" a?ﬁ\fi;;ted ence of plasmids by transforming DHSvith plasmid DNA
(U L) (U L) (U L) preparations and by gel electrophoresis. No transformants
were obtained with 12 clones. However, two of these
pLOI2173 2450 465 3190 1530 strains were subsequently found to contain large plasmid
pLOI2177 19 700 3150 32500 13 300 bands which may containelZ and were discarded. Both
pLOIZ178 15500 2320 21300 11500 strains with large plasmids contained DNA which could be
Stg:ggg ;i 388 ggig 3(1) ggg g 288 sequenced vyith T7 and 'M13 primers g:qnfirming the pres-
pLOI2181 15 600 2490 21 000 11 800 ence of multlcopy plasmlds. The remaining 10 strains con-
pLOI2182 19 600 3130 31100 14 000 tain integratedcelZ genes and could not be sequenced with
pLOI2183 20700 3320 32000 14 000 either primer.
pLOI2184 15 500 2480 21200 11900
pLOI2185 15 100 2420 24600 11 500
pLOI2186 17 000 2380 25700 13 400 . ) .
pLOI2187 15 800 2210 24 500 12 200 Endoglucanase production by the integrated strains
pLOI2188 18 200 2180 25600 12 000 The ten integrated strains (SZ1-SZ10) were investigated
pLOIZ189 14 800 2360 27100 12700 for endoglucanase production in LB-sorbitol broth
Pobles  1oso0 o910 o500 1oay  (Table3). All produced 50007000 IU L of active
pLOI2192 15 100 1810 24900 12 500 enzyme. Although this represents twice the activity
pLOI2193 16 700 2010 24 600 12 800 expressed from plasmid pLOI2173 containing the native
pLOI2194 15 400 2770 21500 11900 celZ promoter, the integrated strains produced only 1/3 the

endoglucanase activity achieved by P2(pLOI2183) contain-
?pLOI2173 contains theelZ gene with the original promoter, all others ing the same surrogaf@ mobilispromoter (Table 2). The

contain thecelZ gene with aZ. mobilis DNA fragment which serves as . - . - .
a surrogate promoter. reduction in endoglucanase expression upon integration

vEndoglucanase (CMCase) activities were determined after 16 h of growtinay be attf_ibuted to a decrease in copy number (ie high
at 30°C. copy plasmidvs single integrated copy).
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Table 3 Comparison of culture growth, endoglucanase production and  Two criteria were used to identify the best integrated 605
secretion from ethanologeniC oxytocastrains containing integratextl|Z strains of P2, growth on solid medium containing high lev-
) ) ) els of chloramphenicol (a marker for high level expression
Strains Grsoc\)llvi:jh on Endoglucanase production and secretion (HJ L of the upstreampdc and adhB genes) and effective
medium . . 4 secretion of endoglucanase with thet genes. Two recom-
No secretion system  Adding secretion system | . .
(600 mg (pCPP2006) binant strains were selected for further study, SZ2 and SZ6.
L™ Cm) Both produced 24 000 IU 1t of endoglucanase activity,
Total  Secreted Total secreted  €Quivalent to approximately 5% of the total cellular pro-
activity  activity activity activity tein [27].
P2 e+ 0 0 0 0 Substrate depolymerization
Sz1 ++ 6140 1600 26100 14300  The substrate range of recombinant EGZ was surprisingly
AN e 1aeo 2oy 1A% narrow (Table 4). Excellent activity was observed with
sz4 et 7120 1070 23200 9990 CMC. However, activity with acid-swollen cellulose was
SZ5 + 6000 1080 29 300 15500 less than 10% of CMC activity and barely measurable with
SZ6 HH 7620 1520 24300 11900 ball-milled cellulose, Avicel, or xylan. Overnight digestion
SZ1 * 6650 1330 28800 15500 wjith EGZ, resulted in a measurable reduction in average
Sz8 o+ 7120 854 28 700 14 900 .
579 ++ 7530 1130 26 700 12800  Polymer length for all substrates. CMC and acid-swollen
S710 — 4940 939 17 000 6600 cellulose were depolymerized to an average length of seven

residues. Cellulose polymers of seven residues are mar-
Endoglucanase (CMCase) activities were determined after 16 h of growtiginally soluble and too large to be effectively metabolized
at 30°C. without further digestion [35]. The average chain length of
ball-milled cellulose and Avicel was reduced to 1/3 of the
original length while less than a single cut was observed
Secretion of endoglucanase EGZ per xylan polymer.
K. oxytocacontains a native Type Il secretion system for
pullulanase secretion [25], analogous to the secretion sys-ermentation
tem encoded by theut genes inErwinia chrysanthemi To be useful, addition o€elZ and out genes to strain P2
which secrete pectate lyases and endoglucanase EGHust not reduce the fermentative ability of the resulting
[2,12]. Type Il secretion systems are typically very specificbiocatalyst. A comparison was made using glucose and cel-
and function poorly with heterologous proteins [12,26,30].lobiose (Table 5). All strains were equivalent in their ability
Thus, as expected, recombina@lZ was expressed prim- to ferment these sugars indicating a lack of detrimental
arily as a cell-associated product with either M5A1 (Tableeffects from the integration ofcelZ or addition of
2) or P2 (Table 3) as the host. Less than 1/4 (12-26%) opCPP2006. These strains were also examined for their
the total recombinant EGZ activity was recovered in theability to convert acid-swollen cellulose directly into etha-
broth. With E. coli DH5«, however, even lower levels of nol. The most active construct SZ6(pCPP2006) produced a
extracellular EGZ (8-12% of total) were present (data nosmall amount of ethanol (3.9 gt) from amorphous cellu-
shown). Thus the native secretion systerKiroxytocamay  lose. Approximately 1.5 g 1 ethanol was present initially
facilitate partial secretion of recombinant EGZ. at the time of inoculation for all strains. This decreased
The Type Il secretion genesutgenes) fronE. chrysan-  with time to zero for all strains except SZ6(pCPP2006).
themiEC16 have been cloned and reconstitutedt ircoli, Thus the 3.9 g [* ethanol observed with SZ6(CPP2006)
enabling the secretion of recombinant pectate lyases encmay represent an underestimate of total ethanol production.
ded by genes from the same strain [12]. We have tested thdowever, at best, this represents conversion of only a frac-
ability of theoutgenes (pCPP2006) to facilitate secretion oftion of the polymer present. It is likely that low levels of
the recombinant EGZ (from strain P86021) in ethanolo-
genic strains oK. oxytoca(Table 2 and Table 3). For most
strains containing plasmids wittelZ addition of theout Table 4 Depolymerization of various substrates by EGZ from cell-free
genes resulted in a five-fold increase in extracellular EGZoth of strain SZ6(pCPP2006)
and a two-fold increase in total endoglucanase activity. For

strains with integrateccelZ, addition of theout genes —>UPStates ai?ﬁ’“ Estimated degree of
. . . y polymerization

resulted in a 10-fold increase in extracellular EGZ and a (U L)

four-fold increase in total endoglucanase activity. In both Before After

cases, theut genes facilitated secretion of approximately digestion digestion

half of the total endoglucanase activity. The increase in

EGZ activity resulting from addition obut genes may Carboxymethyl cellulose 13175 224 7

reflect improved folding of the secreted product in bothAcid-swollen cellulose 893 87 7

plasmid and integratedcelZ constructs. The smaller i\"’/‘i'(':‘gl””ed cellulose 330 1037 3%8

increase observed with the pUC-based derivatives mayyan from oat spelts 157 110 78

result from plasmid burden and competition for export

machinery during the pI’Odl_,lCtiO_n of periplas”ﬁ_dadam' Strain SZ6(pCPP2006) was grown in LB-sorbitol broth for 16 h as a
ase from thebla gene on this high copy plasmid. source of secreted EGZ.
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Table 5 Ethanol production by strain SZ6 containingut genes  g-glucosidase an@-xylosidase activities but is not present
(PCPP2006) and integratextlZ using various substrates (50 g')- in all strains ofE. chrysanthemi33]. One or both of these
gene products may function with EGZ B chrysanthemi

Strains Ethanol production (g°h to depolymerize the amorphous regions of cellulose and
Glucose Cellobiose Acid-swollen provide soluble substrates for growth.
cellulose
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