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An E. coli Expression System for the Extracellular Secretion
of Barley a-Amylase
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Libraries of modified genes are often screened during the process of genetically engineering en-
zymes with specifically tailored activities. It is important, therefore, to create expression systems
which allow for the rapid screening of many clones. We developé&tselmerichia coliexpression

system which will secrete enzymes into the growth medium. We describe the first reported expres-
sion of barleya-amylase irE. coli. The enzyme is secreted onto solid media containing starch to
produce easily visualized halos. In addition, the enzyme is secreted into liquid media in an intact,
active form.
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1. INTRODUCTION both yeast an8. subtilisthat can direct the extracellular
secretion of a recombinant enzyme (Casétlal., 1994;
One of the main strategies for improving the efficiencies Cregget al.,1993; Hemilaet al.,1992; Lamet al.,1998;
of biochemical industrial processes is the development of Scoreret al., 1993). These signal sequences are excised
recombinant enzymes that possess novel or enhanced acrom the recombinant protein during secretion. In con-
tivities. A common method for engineering better en- trast,E. colidoes not have such a well-defined excisable
zymes is by random mutagenesis of the correspondingsignal sequence which will direct secretion of the protein
gene followed by screening of expression libraries to iso- to the growth medium. HoweveE, coli does have ad-
late the desired mutants. Many methods exist to generatevantages over yeast aBd subtilis.It has a much higher
mutations in the gene of interest. Error-prone P@Rre- transformation efficiency thaB. subtilisand yeast, and
quently used to create libraries of mutants (Cadwell and thus a larger population of the library of gene mutants
Joyce, 1992). In addition, the advent of several “DNA can be screened. In additidh,coligrows at a faster rate
shuffling” strategies has dramatically improved the gener- than yeast, thus ensuring a high-throughput screen. Fi-
ation of modified enzymes by recombining multiple use- nally, plasmid preparations froB. coliare simpler and
ful mutations (Judet al., 1998; Shaaet al., 1998; Stem- result in much higher DNA Yyields, allowing for the di-
mer, 1994; Zhaaet al., 1998). Once a library of mutant  rect characterization of clones. In contrast, yeast plas-
genes has been obtained, it can be screened, and the clonesids need to be amplified in bacteria.
with the desired activities can be isolated and subjected to We have developed da. coli expression system
additional rounds of mutation and selection. that secretes recombinant enzyme into the growth
A limiting step is the expression screen. In general, medium. We present the first report of the successful
the library is transformed into a microorganism, such as E. coli expression and secretion of active barley low-
yeast, Bacillus subtilis,or Escherichia coli.There are pl a-amylase. This enzyme is critical to the brewing
several signal sequences that have been characterized in

- 3 Abbreviations: BRP, Bacteriocin-release protein; HlyA, hemolysin;
1Western Regional Research Center, USDA-ARS, Albany, California IPTG, isopropylg-D-thiogalactopyranoside; kil, colicin-release pro-
94710. tein; MOPS, 3-(N-morpholio)butanesulfonic acid; PCR, polymerase
2To whom correspondence should be addressed. chain reaction; pelB, pectate lyase B.
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industry and has been the focus of many studies. When To analyze amylase secretion into liquid media, in-

colonies were grown on solid media containing starch, dividual colonies were inoculated and grown at 25°C in

the amylase was secreted, and the enzyme digested thieB broth (Sambroolet al., 1989) that was supplemented

starch to form easily visualized halos. In liquid culture, with 50 mM MOPS (pH 7.0), 1 mM IPTG, and 10 mM

the barley amylase was secreted into the media in aCaCl. A titration of various concentrations of CaCl

full-length active form. (3.5-25mM) had demonstrated that a higher amount of
CaCl, was required in the liquid media as compared to
the solid for the maximum level of activity.

2. MATERIALS AND METHODS At various time intervals, aliquots of the bacterial
) ) liquid culture were removed and spun down, and the
2.1. Plasmid Construction media and whole-cell fractions were collected. The rela-

) tive levels of amylase enzyme were determined by West-

The pSE420-glll expression vector was generated erp plot analysis. Equivalent culture volumes of media
from portions of the pSE420 and pBAD-gllIB plasmids  4nq whole-cell fractions were electrophoresed through a
(Invitrogen). The gene il signal sequence and the poly- 109, SDS-PAGE gel. The protein was then transferred
linker sequence were PCR-amplified from pBAD-gllIB {5 pjtrocellulose membrane (Schleicher & Schuell), and

using PfuTurbo DNA polymerase (Stratagene) and the the plot was sequentially probed with anti-amylase anti-
primers 3-AAAAAACTGCTGTTCGCGATTCCG-3 body and anti-rabbit HRP antibody (Biorad). The protein

and 5'GTATGCGGCCGCGGCAAATTCTGTTTTAT' bands were visualized using the Lumi-Light Western
CAGACCGCTTC-3. The resuling PCR product was  Botting Substrate (Boehringer Mannheim) according to
digested withNotl to produce a DNA fragment with one  manufacturer’s instructions. The intensities of the pro-

with Ncd, then T4 DNA polymerase (to create blunt
ends), and finallyNotl (to generate a staggered end).

The pSE420-glll-Lpl amylase expression vector
was generated by PCR amplification of the barley low-pl 2.3. Measurement of Amylase Activity
a-amylase gene [isolated from a barley cDNA library
(Strategene)] with PfuTurbo DNA polymerase and the
primers 3-GGCGGTACCCATATGCACCAAGTCCT-
CTTTCAGGG-3 and 3-GGCTCTAGACTGCAGT-
CAGCTCCGTTGTAGTGTTGC-3 The PCR product
was then digested witkpnl and Xba and cloned into
the pSE420-glll backbone that was also digested with
Kpnl and Xbal.

All enzymes were purchased from New England
Biolabs unless otherwise stated.

Amylase activity in the liquid media was measured
using slight modifications of a previously published pro-
tocol (Wonget al., 2000). In brief, 16Qul of culture su-
pernatant was added to pf of a solution of Phadebas,

a dye-labeled starch substrate (Pharmacia & Upjohn),
and incubated at 37°C for 30 min. The reaction was then
spun down, and 15Ql of the supernatant was measured
at 620 nm on a 96-well microplate scanner (Labsystems,
Vista, CA). Enzyme activity units were determined by
plotting a standard curve using purified endogenous bar-
ley a-amylase of known activity.

2.2. Expression of Barleya-Amylase

To express the barley amylase enzyme, the pSE420-
glll-Lpl plasmid was transformed into tie coli strain 3. RESULTS
BL21-Gold (Stratagene). To observe amylase secretion
onto solid media, individual clones were spotted onto LB In order to express and secrete the barley low-pl
agar plates (Sambroodt al., 1989) that were supple- «-amylase enzyme extracellularly frok coli, an ex-
mented with 0.5% starch (Sigma), 50 mM MOPS (pH pression vector (pSE420-glll) was created which con-
7.0), and 0.1 mM isopropy-D-thiogalactopyranoside  sisted of the pSE420 vector backbone with the gene li
(IPTG). Because the barley low-pl amylase requires signal sequence tag and polylinker from the pBAD-
calcium for stability and activity (Buskt al., 1989), gllIB plasmid (see Section 2). Gene Ill encodes a cap-
3.5 mM CaC} was also added to the media. The plates sid protein of theE. coli filamentous phage fd, which
were incubated at 30°C overnight and then stained withis assembled at the bacterial membrane (Schaller
iodine vapor to visualize the regions of starch digestion. et al., 1978). When the gene Il protein is secreted
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from the cytoplasm, the signal peptide comprising the tor or the pSE420-glll-Lpl amylase expression con-
N-terminal 18 amino acids is cleaved from the protein struct. To determine whether the amylase enzyme could
(Goldsmith and Konigsberg, 1977). When the gene lll be secreted onto solid media, individual colonies were
signal sequence is fused to a recombinant enzyme, itspotted on an LB agar plate containing 0.5% starch and
can direct secretion of the protein out of the cytoplasm 0.1 mM IPTG. After an overnight incubation at 30°C,
and then be cleaved. Thus, any activity interference the colonies containing the pSE420-glll-Lpl plasmid
caused by extraneous amino acid residues should beclearly secreted amylase enzyme as evidenced by the

minimized. halo of digested starch around the colonies (Fig. 1). In-
Transcription of the fusion protein from pSE420- cubation at 37°C resulted in smaller halos (data not

glll is controlled by theac operator andrc promoter, shown).

which is inducible by IPTG, a nonhydrolyzable lactose The formation of the halos resulting from starch di-

analog. Transcription from the original pBAD-gllIB gestion indicated that the expression system could be
plasmid is driven by tharaBAD promoter, which was  used to screen libraries. However, it was also important
activated by arabinose. In order to achieve a steady leveto demonstrate that the amylase enzyme was secreted
of gene expression from pBAD-gllIB, a constant intra- into the media in liquid cultures. Amylase that is se-
cellular level of arabinose must be maintained. Thus, it creted into the media can be readily purified so that
is important to use a bacterial strain which is unable to differences in the specific activities among promising
metabolize arabinose, such as TOP10. This requiremenmutant enzymes can be determined. BL21-Gold cells
dramatically limits the number of bacterial strains that transformed with either the pSE420-glll vector or the
can be used with the pBAD-gllIB vector. With the in- pSE420-glll-Lpl expression plasmid were grown in lig-
creased flexibility provided by the IPTG-inducibility of uid culture containing 1 mM IPTG at 25°C. It was nec-
pSE420-glll, 18 differenkE. colistrains were screened to essary to buffer the growth media with 50 mM MOPS
determine which would give the least amount of back- (pH 7.0) to observe amylase activity. Without buffering,
ground activity (i.e., bacterial carbohydrase activity) on the pH of the culture media exceeded 8.5, which was in-
our starch plate halo assay (Table I). The BL21-Gold cell compatible with the amylase activity (Sogaard and
line was chosen because this strain gave little back-Svensson, 1990).
ground in the starch activity assay and had very high At different time points, aliquots of the cultures
transformation efficiency. transformed with either the pSE420-glll or the pSE420-

The barley low-pla-amylase gene was subcloned glllI-Lpl plasmid were spun down, and the media super-
into the pSE420-glll vector (see Section 2). BL21-Gold natant was assayed for activity (Fig. 2). Media from the
cells were transformed with either the pSE420-glll vec- culture containing cells transformed with the amylase ex-
pression vector showed increasing levels of enzyme ac-
tivity up to 48 h. The vector control culture showed no
activity.

To determine the relative amount of amylase that
was secreted into the liquid media, Western blot analysis

Table I. Analysis of Background Carbohydrase Activity from
VariousE. coli Cell Lines

Cell line Activity Cell line Activity was conducted on samples of the culture supernatant and

AD494(DE3} ++ IM102 +++

BL21-Gold - JM109 ++

BL21° - LMG194 +++

BL21(DE3y - MC1061 ++

BL21(DE3)pLysE - RRL - Vector
BL21(DE3)pLysS - Topl@® ++

DH5a* + TST3-MC4106 =

FB2? +++ XLmutS® ++ Amylase

HB101* - XL1 Blue (MRF)! ++

2Individual bacterial colonies were spotted and grown overnight on LB
agar plates containing 1% starch and 1 mM IPTG. Plates were stained

with iodine vapor to detect background starch degradatiehiridi- Fig. 1. Starch digestion on solid medi&. coli clones transformed
cates very little starch degradatior:™indicates increasing levels of with either pSE420-glll vector (top row) or pSE420-glll-Lpl amylase
starch degradation. Strains were obtained ft8MCC, 2E. coli Ge- expression vector (bottom row) were spotted onto LB agar plates
netic Stock Center (New Haven, C¥yvitrogen,“Novagen *Strata- containing starch. After overnight incubation at 30°C, starch digestion

gene, andDr. T. Silhavy (Princeton University). was visualized by staining plates with iodine vapors.
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1000 | 4. DISCUSSION

= 800 In summary, the pSE420-glll expression vector
S 6004 —e— Amylase provides a vehicle to_rapldly screen enzyme variants. We
> demonstrate that active barley lowepbmylase enzyme

2 4001 —o= Vector can be secreted extracellularly frdncoli. Previous re-

< 200 ported attempts to express the barley lowefamylase

in E. coli were unsuccessful (Sogaard, 1989). Although
0 - . : : , , , this enzyme has also been expressed and secreted from
0O 10 20 30 40 50 60 70 yeast (Juget al., 1993, 1996; Sogaart al.,1991; So-
Time (h) gaard and Svensson, 1990) akspergillus niger(Juge

i o . . et al., 1998), usingE. coli offers great advantages in
ig. 2. Amylase activity in liquid media. Cultures d. coli trans- . . 2. .
formed with either pSE420-glll vector (open circles) or pSE420-gll— t€rms of higher transformation efficiencies, faster growth
Lpl amylase expression vector (closed circles) were grown at 25°C. At rates, and direct clone analysis without the need for an
various time intervals, aliquots of the culture media were collected and intermediate host to amplify the plasmid.
assayed for activity (international enzyme units). We used the gene IlI signal sequence to secrete re-
combinant protein from the cell. There are many other
the whole-cell fraction (Fig. 3). Approximately 65% of means to release. colirproduced proteins that are
the amylase enzyme was secreted into the liquid media-trapped in the cell, but these methods all have draw-
In addition, the enzyme was primarily full-length, and packs. One approach is to use external physical force.
very little proteolysis was evident. For example, exposing the cells to a high-voltage elec-
trical (Ohshimaet al., 2000) or osmotic (Ausubeit al.,
1999) shock has proven successful in releasing recombi-
VeC Amy nant proteins fromE. coli. Unfortunately, these tech-
nigues are unwieldy to use on a large-scale expression
screen and will not work on an LB agar assay. The abil-
C M C M ity of the gene Ill signal sequence to direct extracellular
secretion on solid media dramatically increases the
throughput of an expression screen.

Another strategy that has been employed is the use
of proteins that permeabilize tie coli cell membrane,
such as bacteriocin-release protein (BRP) (van der Wal
et al., 1995) and colicin-release protein (kil) (Robbens
et al., 1995). We tested whether BRP would release the
barley low-pla-amylase. An expression vector carrying
thea-amylase gene was cotransformed with the BRP ex-
pression vector pSW1 (Display Systems Biotech, Vista,
CA). Although the BRP did release taeamylase en-
zyme, there was significant background from the vector
controls (data not shown). Presumably, BRP was nonse-
lectively releasing mank. colicellular proteins that had
carbohydrase activity. In addition, cell growth was im-
paired. Attempts at titrating the amount of BRP produced
did not resolve these problems.

Another technique for secreting protein into the
growth medium involves the use of thecolihemolysin
Fig. 3. Western blot of. coli culture fractions. Aliquots (10pl) of (HlyA) secretion system (Hahet al., 1998; Jarchau
E. coli culture transformed with either pSE420-glll vector (Vec) or et al., 1994; Kern and Ceglowski, 1995). The HIyA sig-
pSE420-glll-Lpl amylase expression vector (Amy) were harvested at ng| sequence directs a fusion protein through both the
24 hr, and the samples were spun down. The medium_supernatant Washner and outer membranes in a one-step process, thus
separated from the cell pellet, which was resuspended ipll&f(6DS L h
sample buffer. Twqul of the medium (M) and the resuspended cell _e“mmatm_g the common problem of _prOtem enFrapment
pellet (C) were subjected to SDS-PAGE on a 10% gel, blotted onto iN the periplasm. One drawback to this method is that the
nitrocellulose membrane, and probed with anti-amylase antibody. HIyA signal sequence is not excised from the fusion pro-

66.3 kD
55.4 kD

36.5 kD
31 kD

21.5kD
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