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a  b  s  t  r  a  c  t

Spider  dragline  silk exhibits  excellent  mechanical  properties  that  make  it a promising  protein  polymer
for  industrial  and  biomedical  applications.  Since  farming  spiders  is  not  feasible  due  to  their  highly  ter-
ritorial  nature,  recombinant  production  of  dragline  silk  proteins  in a foreign  host  has  received  great
attention.  However,  their  production  titer  remains  low,  because  efficient  expression  of very large,  highly
repetitive,  glycine-rich  silk  proteins  is  a challenge.  This  work  demonstrates  the  design  and  high-level
production  of  large  dragline  silk  proteins  of major  ampullate  spidroin  2 (MaSp2)  in Escherichia  coli  by
synthetic  biology  approach.  The  expression  levels  of  MaSp2  with  molecular  weight  of 28.3–256.5  kDa
were  significantly  elevated  by  down-shifting  the  induction  temperature.  The  beneficial  effect  was  found
ecombinant protein production
epetitive protein
igh  cell density cultivation
ynthetic  biology approach

to  be at least  partially  attributed  to  the  improved  plasmid  maintenance  in  the  recombinant  cells.  Combi-
nation  of induction  temperature  downshift  with  the  glycyl-tRNA  pool  increase  in  E.  coli  led  to  enhanced
biosynthesis  of  glycine-rich  silk  proteins.  A  high  production  titer  of  about  3.6  g l−1 of  a  201.6-kDa  MaSp2
protein  was  achieved  in  a 3-L fed-batch  bioreactor,  which  was  the highest  as  reported.  The developed
approach  may  be  useful  to  cost-effective  large-scale  production  of  silk  proteins.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Spider dragline silk is a promising and outstanding protein
olymer, which exhibits extraordinary mechanical properties of
uperior strength and toughness that make it outperform most of
he natural and other synthetic fibers [1,2]. It is composed almost
ntirely of two proteins, major ampullate spidroins 1 (MaSp1)
nd 2 (MaSp2) [3,4]. Both MaSp1 and MaSp2 are with large
olecular weights at 250–320 kDa, consisting of a long, repetitive

ore domain flanked by non-repetitive N-terminal and C-terminal
equence on both sides [5–7]. And they differ in the composition
f structural motifs that affect the mechanical properties of the silk
bers. MaSp1 is composed of a polyA region, which contributes to
he tensile strength of silk, and of a GGX (X = L, Y, Q, or A) motif,
hich is believed to affect fiber formation, while MaSp2 consists of
 polyA region similar to MaSp1, and of a GPGXX repetitive region
X = G, Q, Y) which is responsible for the silk elasticity by forming a
eta-spiral [4,5,8,9]. Due to its outstanding properties, spider silk is
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a promising protein polymer for numerous industrial application,
and it also possesses a great potential in medical and pharmaceuti-
cal areas for its biodegradable and biocompatible features [10–16].
Unfortunately, natural dragline silk of spiders could not be readily
obtained by farming spiders because of their highly aggressive and
territorial nature [17]. Numerous attempts have thus been made to
produce recombinant spider dragline silk proteins in various organ-
isms such as Escherichia coli, yeast, tobacco, mammalian cells, silk
worm, and even transgenic animals [18–23].

So far, there have been some reports on the production of recom-
binant spider dragline silk proteins, but their molecular weights
were generally below 100 kDa, which is about half of what spiders
make. In addition, the production titers of the recombinant silk pro-
teins were still low, typically on the order of 10–100 mg/l with one
exception of 2.7 g/l for one MaSp1 (Table 1). But, most MaSp1 pro-
teins were only produced at ∼0.5 g/l by metabolically-engineered
E.  coli as reported by Xia et al. [10]. The results underscored a
limitation of glycyl-tRNA pool within the host upon silk protein
expression [10]. An expression level of 256 mg/l was reported for a
56.2-kDa recombinant MaSp2 protein [24]. As the expression of

very large, highly repetitive, glycine-rich silk proteins is indeed
challenging, “smart” engineering approaches are urgently required
for further improvement on the production titer, especially for
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Table  1
Typical examples of recombinant MaSp production.

Protein Size (kDa) Production level (l−1) Ref.

MaSp1 100.7–284.9 0.5–2.7 g [10]
MaSp2 28–53 2–10  mg [18]
MaSp1 65–163 0.663 g [19]
MaSp1, MaSp2 65–163 0.3 g [20]
MaSp1, MaSp2 48–75 ∼120 mg  [21]
ADF3, MaSp2 59–140 25–50 mg  [22]
MaSp2 12.9–99.8 0.5% of total protein [23]
ADF3 56.2 256 mg  [24]
MaSp1, MaSp2 14.7–41.3 2–15.7 mg [25]
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ADF3, ADF4 11.9–59.3 10 –360 mg  [26]
MaSp2 201.6 3.6 g This work

ative-size MaSp2 of large molecular weight, towards a commer-
ially viable silk protein biomanufacturing process [20,27,28].

Induction temperature is generally an important factor for
ecombinant protein expression, and it has been widely used to
mprove the expression of soluble protein expression but has dif-
erent effects on the production level of different proteins in E. coli
29–41] (Table 2). In this study, we reported high-level production
f large spider dragline silk MaSp2 protein of 201.6 kDa by modu-
ating the induction temperature. Production level of recombinant
pider silk proteins was significantly improved by downshifting the
nduction temperature. Furthermore, we performed the induction
emperature-shift strategy in bioreactors for the MaSp2 production
y a metabolically-engineered E. coli with both pET28a-MaSpII64
nd pTetgly2, a tRNAGly overexpression plasmid. Finally, a higher
roduction titer than ever reported was achieved in a 3-L fed-batch
ioreactor.

. Materials and methods

.1.  Construction of recombinant plasmids

DNA manipulations were performed according to standard
olecular biology protocols. E. coli DH5� (Invitrogen Corp., Carls-

ad, CA) was used for general gene cloning studies. Cells were
outinely grown at 30 ◦C in Luria-Bertani (LB) medium (per liter:
0 g Bacto tryptone, 5 g Bacto yeast extract, 10 g NaCl). Antibi-
tics were added at the following concentrations: 50 �g ml−1

f kanamycin (Km), 35 �g ml−1 of chloramphenicol (Cm), and
0 �g ml−1 of ampicillin (Ap) when necessary. All the restriction
nzymes and T4 DNA ligase were purchased from New England Bio-
abs (Ipswich, MA). Plasmid DNA was extracted using the Plasmid

ini Kit I (Omega Bio-Tek, Doraville, GA) following the manufac-
ure’s protocol.

DNA  sequence was designed to encode one repeat
f the MaSp2 consensus sequence from Nephila clavipes:
PGGYGPGQQGPSGPGSA8GPGGYGPGQQ [4]. The monomer
NA sequence was purchased as a synthetic gene that was cloned

nto EcoRV site of the pMD18-T Simple Vector from Invitrogen
Shanghai, China). The monomer DNA sequence was then liber-
ted by digesting the pMD18-T derivative with NdeI and XhoI,
nd cloned into the same sites of expression vector pET-28a(+)
Novagen). The resulting plasmid pET28a-MaSpII1 was  confirmed
y sequencing with both forward and reverse primers based
n the T7 promoter and terminator sequences at Invitrogen. To
xpress two repeats of the MaSp2 consensus sequence, plasmid
ET28a-MaSpII2 was constructed by ligating the 1.3-kb, XmaI-NheI
ragment of pET28a-MaSpII1 to the 4.2-kb, SpeI-XmaI fragment

f pET28a-MaSpII1. Likewise, plasmids were created that allow
ynthesis of the recombinant silk proteins having 8–80 repeating
nits of MaSp2. These expression plasmids were verified by double
igest with the enzymes NheI-HF and SpeI-HF.
istry 51 (2016) 484–490 485

To  overexpress a recombinant silk protein encoding 96 repeats
of MaSp1 consensus sequence, plasmid pET19b-MaSpI96 was made
from plasmid pET19b-MaSpI4, using the iterative polymerization
strategy as described earlier [42].

Plasmid pTetgly2 was  constructed to overexpress the glyVXY
genes encoding tRNAGly under the control of the constitutive tet
promoter as previously described [10]. This plasmid allowed ele-
vated pools of tRNAGly within the harboring strains of E. coli [10].

2.2. Expression of recombinant silk proteins in flask cultivation

Competent cells of E. coli BL21(DE3), a common expression host
for pET expression system, were transformed with the desired
plasmids and plated on selective LB agar plates containing the
appropriate antibiotics. Antibiotics were added at the follow-
ing concentrations: 50 �g ml−1 of Km,  35 �g ml−1 of Cm,  and
50 �g ml−1 of Ap when necessary. A single colony was inoculated
into a 15-ml tube containing 2 ml  of LB medium and cultured
overnight at 30 ◦C and 220 rpm in a shaking incubator. This seed
culture (200 �l) was  transferred into a 250-ml shake flask con-
taining 20 ml  of either R/2 medium supplemented with 10 g l−1 of
glucose or LB medium, and grown at 30 ◦C and 220 rpm. The mini-
mal R/2 medium (pH 6.80) contains 2 g l−1 of (NH4)2HPO4, 6.75 g l−1

of KH2PO4, 0.85 g l−1 of citric acid, 0.7 g l−1 of MgSO4·7H2O,  and
5 ml  l−1 of a trace metal stock solution [43]. Cell growth was
monitored by measuring the absorbance at 600 nm (OD600) with
a BioPhotometer plus spectrophotometer (Eppendorf, Hamburg,
Germany). When cell OD600 reached ∼0.4, the cultures were
exposed to 1 mM isopropyl-�-D-thiogalactoside (IPTG; Sigma, St.
Louis, MO), and incubated at the desired temperatures ranging from
16 to 37 ◦C. Samples of the cell cultures were taken immediately
prior to the addition of IPTG and at the desired time after induction
for plasmid maintenance and SDS-PAGE analysis. For the SDS-PAGE
analysis of recombinant silk proteins, cells were collected by cen-
trifugation at 4 ◦C and 13,000 × g for 10 min  and stored at −80 ◦C
before further analysis.

2.3.  Production of recombinant silk proteins by high density cell
cultivation  in bioreactors

The  high density cell cultivation of recombinant E. coli cells was
performed in a 3-L stirred bioreactor (BIOFLO 110; New Brunswick
Scientific Co., Edison, NJ) containing 1.44 l of R/2 medium (pH 6.80)
supplemented with 10 g l−1 of glucose. Antibiotics were added at
the following concentrations: 50 �g ml−1 of Km, and 35 �g ml−1

of Cm when necessary. To prepare an inoculum, a small aliquot
of glycerol cell stock was inoculated into a 15-ml tube contain-
ing 3-ml LB medium and cultured overnight at 30 ◦C and 220 rpm.
Two milliliters of the overnight culture were transferred into a
500-ml shake flask containing 200 ml  of R/2 medium and incu-
bated under the same condition as the tube culture. When the
cell OD600 reached ∼2.0, 160 ml  of the seed culture was added into
the jar, and the growth temperature maintained at 30 ◦C with pH
adjusted to 6.80 using 28% (v/v) ammonia water. Dissolved oxy-
gen (DO) level was  kept above 40% of air saturation by increasing
the agitation speed from 200 to 800 rpm and by incorporating pure
oxygen when agitation at 800 rpm was insufficient to maintain the
DO level. A nutrient feeding solution containing 700 g l−1 of glucose
and 20 g l−1 of MgSO4·7H2O was  manually added into the reactor
when the pH increased above 6.80 because of glucose depletion.
When the cell OD600 reached ∼40, IPTG was added at a final con-

centration of 1 mM,  and the culture temperature kept at 30 C or
shifted to 16 ◦C as described. Samples were taken periodically for
SDS-PAGE analysis and biomass quantification. The biomass (dry
cell) concentration was  determined by centrifuging 2–4 ml  of cell
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Table  2
Temperature shift strategy for recombinant protein expression in E. coli (in shake flasks).

Protein Product size (kDa) Temperature shift strategy Production titer fold-change Ref.

d-Hydantoinase/N- carbamoylase 33.6/50.2 37–25 ◦C vs. 37–37 ◦C +/+a [31]
hGCSF  24.3 37–18 ◦C vs. 37–30 ◦C 1.30 fold [32]
Dehydratase 96 37–16 ◦C vs. 37–37 ◦C + [33]
Glycoprotein 55 37–18 ◦C vs. 37–37 ◦C 3.2 fold [34]
Poly(ADP-ribose) glycohydrolase 90 37–16 ◦C vs. 37–37 ◦C + [35]
Artificial  repetitive copolymers 12.4 37–24 ◦C vs. 37–30 ◦C + [36]
Nitrile  hydratase 23 37–18 ◦C vs. 37–35 ◦C −b [37]
Leukemia  inhibitory factor 22.2 37–4 ◦C vs. 37–37 ◦C − [38]
Pullulanase  ∼110 37–20 ◦C vs. 37–37 ◦C n.a.c [39]
TEV  protease 28 37–25 ◦C vs. 37–37 ◦C − [40]
Aconitase  82 37–25 ◦C vs. 37–37 ◦C 0.75 fold [41]
MaSp2  201.6 30–16 ◦C vs. 30–30 ◦C 5 fold This work
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uspension in pre-weighed tubes and drying the resulting pellets
t 65 ◦C until a constant weight was obtained.

.4. SDS-PAGE and protein quantification

To analyze expression levels of recombinant silk proteins, cell
amples were resuspended with 50 mM phosphate buffer (pH 7.5),
ixed with 5× Laemmli sample buffer, and boiled for 15 min. After

entrifugation at 4 ◦C and 13,000 × g for 10 min, the protein sam-
les were loaded onto 1-mm thick, 10% SDS-polyacrylamide gels
ith Unstained Protein Ladder, Broad Range (New England Biolabs
atalog # P7703S). The gels were stained with Coomassie Brilliant
lue R-250 (Bio-Rad), and scanned by the UMAX G800 Scanner
Bio-Rad, Richmond, CA). The protein bands were normalized and
uantified by using the BandScan v5.0 software (Glyko, Novato, CA)
o estimate expression levels (% total cellular proteins). Silk pro-
ein production titer, which represents the recombinant protein
mount produced per liter, was estimated by multiplying expres-
ion level with biomass concentration and with 0.54 [10]. Here, 0.54
s the ratio of total cellular proteins to dry cell weight in E. coli as
erified in our experiments, which is slightly lower than that (0.55)
n a previous report [44].

.5.  Plasmid maintenance assay

E. coli cells harboring a silk-protein expression plasmid were
ubjected to plasmid maintenance assay [45]. Typically, the recom-
inant cell cultures of flask cultivation were diluted 105 fold in fresh
B medium, replica plated onto LB agar plates with and without
0 �g ml−1 of Km,  and incubated overnight at 30 ◦C. Maintenance
f the plasmid within the host cell was presented as a percentage of
lasmid-bearing cells by their ability to form colonies on selective
B agar plates.

.  Results and discussion

.1.  Design of recombinant dragline silk proteins of different sizes

To  assemble genes encoding the silk MaSp2 proteins, we
rst designed amino acid sequence for one consensus repeat
GPGGYGPGQQGPSGPGSA8GPGGYGPGQQ) of the MaSp2 protein
f the spider N. clavipes, whose partial cDNA sequence has been
eported [4]. The amino acid sequence was reverse translated
nto nucleic acid sequence, codon-optimized for favorable expres-

ion in E. coli, and engineered with restriction enzymes sites NdeI
nd NheI on the 5′ end as well as SpeI and XhoI sites on the 3′

nd. The monomer silk gene was cloned into NdeI-XhoI site of
xpression plasmid pET-28a(+), which was commercially available
from  Novagen, Inc. (Madison, WI). The resulting plasmid, pET28a-
MaSpII1, allowed recombinant expression of the silk-like protein
having one repetitive unit of MaSp2 under the strong T7 pro-
moter. To construct vectors that encode silk proteins having more
repetitive units, we  employed an iterative polymerization strategy
relying on the compatible but nonregenerable restriction sites NheI
and SpeI, which was modified on a previously developed protocol
[46]. By doing so, plasmid constructs were made for the production
of recombinant MaSp2 proteins having 8–80 repeats (Table 3).

3.2.  Lower induction temperature improved MaSp2 expression

To  develop a general approach for high-level production of
large silk proteins, the 201.6-kDa MaSp2-64mer protein was taken
as a model. The plasmid encoding the MaSp2-64mer protein
was transformed into E. coli BL21(DE3). The resulting strain was
grown in Luria-Bertani (LB) medium in shake flasks at 30 ◦C, and
induced at middle exponential growth phase (OD600 ∼0.4) with
1 mM isopropyl �-d-1-thiogalactopyranoside (IPTG). This initial
test resulted in a moderate level of protein expression based on
SDS-PAGE analysis. Previously, we have shown that expression of
large glycine-rich repetitive proteins of spiders caused metabolic
burden and stress to the host, based on comparative proteomic
analysis of the recombinant strains with and without silk-protein
expression [10].

We  then attempted to improve the expression levels by opti-
mizing inducer concentration, induction time, and growth medium.
As a result, these tests did not lead to higher levels of expression.
Next we tested whether expression levels could be elevated by
manipulating the induction temperature, a bioprocessing strategy
previously known to improve soluble expression of aggregation-
prone proteins [29]. Surprisingly, the silk protein was found to be
expressed in a soluble form at the wide induction temperatures
ranging from 16 to 37 ◦C (Supplementary Fig. S1), while the expres-
sion levels were much higher at lower induction temperatures
(Fig. 1A). For example, downshift of the induction temperature to
16 ◦C resulted in fivefold higher expression in comparison to that
at 30 ◦C.

To explore why  induction at lower temperature improved the
protein expression, we  performed plasmid maintenance assay for
the recombinant cells without and with IPTG induction at both 16
and 30 ◦C. The percentage of plasmid-bearing cells in the recom-
binant cultures induced at 16 ◦C was significantly higher than
those induced at 30 ◦C (Fig. 1B), indicating that induction at lower

temperature was  beneficial for maintenance of the protein plas-
mid pET28a-MaSpII64. In contrast to the induced cultures, no
obvious plasmid loss was observed in the non-induced cell cul-
tures and in the empty vector control cultures with and without
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Table  3
Molecular weight (Mw)  and glycine content of the recombinant dragline silk proteins along with the sizes and GC contents of the encoding genes.

Silk protein Silk-protein gene

Mw (kDa) Gly content (%) Size (bp) GC content (%)

MaSp2-8mer 28.3 32.7 984 61.3
MaSp2-16mer 53.0 33.9 1872 61.3
MaSp2-64mer 201.6 34.8 7200 61.3
MaSp2-80mer 251.1 34.9 8976 61.3
MaSp1-96mer 256.5 47.8 9651 72.4

Fig. 1. Effect of induction temperature on MaSp2-64mer expression by E. coli
BL21(DE3) cells harboring pET28a-MaSpII64 in LB medium. Initial cultivation tem-
perature was  30 ◦C; and 1 mM IPTG was added at OD600 of ∼0.4, and incubated for
additional  6 h at an indicated temperature. Protein samples of cell lysates were sep-
arated on 10% SDS-PAGE gels and the arrow indicates the target silk protein (A). The
cell cultures without IPTG treatment (open bar) and those induced at either 16 ◦C
(grey bar) or 30 ◦C (black bar) were sampled and subjected to plasmid maintenance
a
r

i
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c
a
d
s
i
w
e

ssay  (B). Error bars represent standard deviations from the mean values of three
eplicates.

nduction (Supplementary Fig. S2). This coincided with our
revious population-level analysis of the recombinant E. coli
ultures, which revealed a significant decrease in the aver-
ge plasmid copy number after expression of the native-sized
ragline silk protein [10]. And another previous study also

howed that, the recombinant strain was quite unstable dur-
ng expression at higher temperature, while no plasmid loss

as observed for the strain without induction of protein
xpression [31]. The reason might be during the protein
expression process, especially for a high molecular weight and
significantly  repetitive protein, DNA replication and maintenance
of the plasmid could be metabolically expensive, which provided
the cells more opportunities to discard the plasmid when the cells
grew at a high temperature.

Compared  with other researches on heterologous protein pro-
duction by E. coli, induction of recombinant E. coli by shifting to
a lower temperature could have positive or negative effects on
protein expressions (Table 2). But, no studies on the expression
of larger proteins over 110 kDa have been reported. To the best of
our knowledge, this is the first work on higher expression of a large
201.6 kDa protein by temperature shift strategy.

In  glucose R/2 minimal medium, it was  confirmed that down-
shift of the induction temperature to 16 ◦C also increased the
protein expression compared to the control at the same time after
induction (Table 4). The expression level of induction temperature
at 16 ◦C was 9.8–16.9% with much increase after 16 h, while in the
case of 30 ◦C it decreased from 1.3% at 4 h. As the chemically defined
minimal medium is cheaper than rich medium and more suitable
for silk protein production at industrial scale, the R/2 medium was
thus used in the following experiments.

To understand whether downshift of induction temperature
was beneficial for expression of dragline silk proteins of larger
molecular weights, we performed expression experiments for the
MaSp2-80mer protein, and another type of spider major ampullate
spidroin having 96 consensus repeats of MaSp1. The two native-
sized proteins, both over 250 kDa, were favorably expressed by
downshift of the induction temperature to 16 ◦C (Supplementary
Fig. S3A & B). In addition, this strategy was  also useful for expres-
sion of recombinant dragline silk proteins of small size, such as the
28.3-kDa MaSp2-8mer and 53.0-kDa MaSp2-16mer silk proteins
(Supplementary Fig. S3C). Taken together, the facts demonstrated
that downshift of induction temperature was generally applicable
to achieve higher expression of silk proteins ranging from small to
native-sized large silk proteins.

3.3. Downshift of induction temperature elevated silk protein
production in high-density cell cultivation in bioreactors

To further enhance the recombinant silk protein production,
high density cell cultivation was performed in a 3.0-l fermentor,
by taking the large MaSp2-64mer protein as a typical example.
The recombinant strain BL21(DE3)/pET28a-MaSpII64 was grown
in glucose minimal R/2 medium, exposed at OD600 of ∼40 (cell
density of 14.7 g l−1) to IPTG at a final concentration of 1 mM,  and
further cultured at either 30 or 16 ◦C. As shown in Fig. 2A, after
IPTG was added, the cell growth had a certain reduction, which
might be owing to initiating the protein gene transcription and

translation process as claimed earlier [47]. The cells grew to a cell
density of 20.6 g l−1 at 4 h following induction at 30 ◦C, and began to
lyse thereafter (Fig. 2A). The inability of the strain to grow further
might be due to the depletion of certain biosynthetic precursors
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Table  4
Change of MaSp2-64mer expression level (by %) in the R/2 minimal medium after induction at 16 ◦C or 30 ◦C.

Induction temp. Time after induction (h)

4 8 12 16 20 24

16 ◦C 4.9% 5.6% 5.3% 9.8% 16.9% 15.6%
30 ◦C 1.3% 0.5% n.d. n.d. n.d. n.d.

n.d.: not detectable.

Fig. 2. Enhanced MaSp2 production by lowering induction temperature in high-
density culture of E. coli BL21(DE3) cells in a 3.0-l jar fermenter. The initial
fermentation  temperature was  30 ◦C; when cell OD600 reached ∼40, 1 mM IPTG was
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Fig. 3. Effect of induction temperature downshift on high-density fermentation of
metabolically-engineered E. coli BL21(DE3) co-transformed with pET28a-MaSpII64
and  tRNAGly overexpression plasmid pTetgly2. A fed-batch mode in a 3.0-l jar fer-
menter at 30 ◦C was operated; and 1 mM IPTG was added when OD600 reached ∼40,
dded and cultivation temperature was  maintained at 30 ◦C (A) or downshifted to

6 ◦C (B). Symbols: dry cells (�), expression level (�), and MaSp2 titer (�).

uch as glycyl-tRNA within the host (see below). In this scenario, the
rotein production reached its maximum of 0.36 g l−1 at 18 h of fer-
entation (4 h post-induction). In contrast, the recombinant strain
as able to grow to a high cell density (>37 g l−1) if induced at 16 ◦C

Fig. 2B). More importantly, the silk protein expression increased
teadily and reached a plateau level of ∼14% of total cellular
roteins. This allowed approximately eightfold higher production
f the silk protein, reaching about 2.9 g l−1 at 44 h of fermenta-
ion. The results proved significant improvement on the protein
roduction by using the bioprocess engineering approach in
ioreactors.

Previously, we have shown that production of recombinant
aSp1 proteins was improved in metabolically engineered E. coli
ithin which the metabolic pool of glycyl-tRNA was  elevated [10].

his strategy was also employed here for the production of the
aSpII-64mer silk protein. As expected, the metabolically engi-

eered host permitted superior cell growth and higher protein

roduction of the MaSpII-64mer (Fig. 3A). A silk protein production
iter of 0.8 g l−1 was achieved in cultures induced at 30 ◦C, which
as over twofold that of the E. coli without enhanced glycyl tRNA
and cultivation temperature was  maintained at 30 ◦C (A) or shifted to 16 ◦C (B).
Symbols: dry cells (�), expression level (�), and MaSp2 titer (�).

pool. Finally we  examined whether the silk protein production
could be further enhanced by applying the temperature down-
shift strategy to the metabolically engineered host. Indeed, the
expression of the silk protein increased to a very high level of over
22% of total cellular proteins, although there was a slight decrease
near the end of fermentation. The silk protein production steadily
increased to the end of the fermentation and reached about 3.6 g l−1

(Fig. 3B), the highest level ever reported for recombinant dragline
silk proteins (Table 1). Our data revealed the great potential of
the E. coli for high-level production of large proteins by com-
bined engineering of the expression host and biomanufacturing
process.

Mass production of recombinant spider dragline silk proteins is
a prerequisite for their widespread applications. The silk proteins
have unusual abundance in the amino acid glycine, long and highly
repetitive structure, and high GC content of their encoding genes.

These factors may  limit their production in all recombinant expres-
sion platforms tested so far [19,22]. We  attempted to tackle the
challenges by developing a metabolically engineered expression
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nduction temperature could greatly improve the expression of
arge silk proteins in rich and minimal media, and both in shake
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ology may  be helpful to the development of commercially viable
iomanufacturing process for silk proteins.
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