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Abstract

expression changes upon Skp or FkpA co-expression.

during antibody fragment production.

Background: The overexpression of scFv antibody fragments in the periplasmic space of Escherichia coli frequently
results in extensive protein misfolding and loss of cell viability. Although protein folding factors such as Skp and FkpA
are often exploited to restore the solubility and functionality of recombinant protein products, their exact impact on
cellular metabolism during periplasmic antibody fragment expression is not clearly understood. In this study, we
expressed the scFvD1.3 antibody fragment in £. coli BL21 and evaluated the overall physiological and global gene

Results: The periplasmic expression of scFvD1.3 led to a rapid accumulation of insoluble scFvD1.3 proteins and a
decrease in cell viability. The co-expression of Skp and FkpA improved scFvD1.3 solubility and cell viability in a dosage-
dependent manner. Through mutagenesis experiments, it was found that only the chaperone activity of FkpA, not the
peptidyl-prolyl isomerase (PPlase) activity, is required for the improvement in cell viability. Global gene expression
analysis of the scFvD1.3 cells over the chaperone-expressing cells showed a clear up-regulation of genes involved in
heat-shock and misfolded protein stress responses. These included genes of the major HSP70 DnaK chaperone family
and key proteases belonging to the Clp and Lon protease systems. Other metabolic gene expression trends include: (1)
the differential regulation of several energy metabolic genes, (2) down-regulation of the central metabolic TCA cycle
and transport genes, and (3) up-regulation of ribosomal genes.

Conclusions: The simultaneous activation of multiple stress related and other metabolic genes may constitute the

stress response to protein misfolding in the scFvD1.3 cells. These gene expression information could prove to be
valuable for the selection and construction of reporter contructs to monitor the misfolded protein stress response

Background

Monoclonal antibodies are widely-used for the diagnosis
and treatment of several diseases like cancer and auto-
immune disorders. With modern advances in recombi-
nant DNA technology, smaller fragments of these anti-
bodies can be constructed without losing the specificity
of their antigen binding [1,2]. Single-chain variable frag-
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ment (scFv) is formed by the association of the V;and V.
domains of the antibody with a short polypeptide linker.
The smaller size of these scFv fragments allows better tis-
sue penetration leading to improved tumor-targeting [3]
and enhanced blood-brain barrier permeability for treat-
ment of neurodegenerative diseases [4]. By far, the most
popular system for scFv production is by means of
periplasmic expression in Escherichia coli [5]. The
periplasm of E. coli provides a more oxidizing environ-
ment than the cytosol, which promotes disulphide bond
formation, and the periplasmic space also contains fewer
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host proteins as compared to the cytoplasm, thus facili-
tating subsequent purification processes. However, when
expression of scFv is high, the increased demand for pro-
tein folding could generate an uncharacterized metabolic
burden on the cells leading to protein misfolding and
aggregation [6].

The periplasmic localization of several protein folding
factors and chaperones catalyze the proper assembly and
folding of functional scFv antibody fragments [7,8]. Two
established periplasmic protein folding factors in E. coli
are Skp and FkpA. Skp is a key periplasmic chaperone for
outer membrane protein assembly in E. coli [9] that facili-
tates proper folding of outer membrane protein interme-
diates and helps to maintain their solubility [10]. The
absence of Skp often leads to protein aggregation in the
periplasm, thus reinforcing the importance of Skp as a
periplasmic chaperone in E. coli. Co-expression of Skp
together with scFv fragments in E. coli periplasm
increased scFv solubility and prevented cell lysis during
shake flask cultures [11]. FkpA is another periplasmic
protein folding factor that exhibits both peptidyl-prolyl-
isomerase (PPlase) and chaperone activities [12,13]. The
expression of FkpA alleviated the RpoE-dependant stress
response in E. coli cells during accumulation of misfolded
proteins [14] and it also suppressed the formation of
inclusion bodies and promoted proper folding when co-
expressed with a folding-defective protein variant [15].
The co-expression of FkpA with scFv significantly
improved the latter's soluble and functional expression
[16]. Although these protein folding factors are increas-
ingly exploited to improve the soluble expression of
recombinant protein products in the periplasm, the
detailed impact on host cell metabolism is still not clearly
understood.

The 25 kDa scFvD1.3 is a well-characterized antibody
fragment against lysoyzme commonly-used as a model
for antigen-antibody association studies [17-19]. In this
study, we evaluated the overall physiological and global
gene expression changes upon Skp or FkpA co-expres-
sion. N-terminal and C-terminal mutants of FkpA were
also constructed to assess the relative importance of the
chaperone and PPlase activities on periplasmic scFv
expression and the consequential effect on cell viablity.
Although a previous proteomic study using two-dimen-
sional polyacrylamide gel electrophoresis was conducted
on F(ab'), antibody fragment-producing E. coli [20], this is
the first global gene expression study on scFv antibody
fragment-producing E. coli co-expressing periplasmic
chaperones. The aim is to use the physiological and gene
expression information to gain insight into important
host cell processes such as central metabolism and mis-
folded-protein stress response in antibody fragment-pro-
ducing E. coli.
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Results and discussion

Recovery of cell viability in scFvD1.3 cells upon Skp or FkpA
co-expression

As the anti-lysozyme scFvD1.3 protein contains two
internal disulfide bonds, it was expressed in the periplas-
mic space of E. coli where the oxidising environment and
disulfide bond enzymes facilitate its functional assembly.
E. coli BL21 cells carrying the pET-scFvD1.3 or a blank
pET plasmid were cultured in 2 L bioreactors to late-log
phase before IPTG induction of scFvD1.3 expression. The
viable cell count on LB kanamycin (LB+Kan) was seen to
decrease drastically upon induction for the scFv cells,
indicating a loss of cell viability upon scFv expression
(Figure 1). 5 hours after induction, cell viability
approached 0% for the scFvD1.3 cells (Figure 2a). In con-
trast, a higher cell viability of 90% was observed for cells
carrying the empty plasmid. The loss of cell viability of
the wildtype scFvD1.3 cells upon IPTG induction sug-
gests that the expression of scFvD1.3 leads to cell toxicity
or elevated metabolic burden.

To test if the co-expression of protein folding factors
with scFvD1.3 could improve cell viability, expression
vectors for three folding factors (DsbA, Skp and FkpA)
under the control of an arabinose-inducible promoter
were co-transformed with the pET-scFvD1.3 vector into
the scFvD1.3 cells. DsbA is a disulfide oxidoreductase
catalyzing disulfide bond formation in E. coli periplasm
[21,22]. Skp is a periplasmic chaperone assisting outer
membrane protein assembly, and FkpA is a periplasmic
protein folding factor with both PPlase and chaperone
functions. Co-expression of LacZ was included as a nega-
tive control. SDS-PAGE of total cellular proteins in the
four co-expressing strains (Figure 3a &3b) showed a grad-
ual increase in the intensity of bands corresponding to
the expected sizes of LacZ, DsbA, Skp and FkpA, indicat-
ing an actual increase in the expression when induced
with increasing arabinose concentration. Upon the
induction of these folding factors with up to 0.2% arabi-
nose, the cell viability of the Skp and FkpA co-expressing
cells increased to 46% and 95% respectively from an unin-
duced value of less than 5% (Figure 2b). On the other
hand, co-expression of either LacZ control or DsbA both
showed negligible effect on cell viability. This shows that
the co-expression of Skp or FkpA improved cell viability
of scFvD1.3 cells in a dosage-dependent manner.

As Skp and FkpA are both molecular chaperones with
general ability to refold misfolded proteins and prevent
their aggregation into insoluble inclusion bodies in the
periplasm, the soluble and insoluble scFvD1.3 yields in
the Skp/scFvD1.3 and FkpA/scFvD1.3 cells were exam-
ined with Western blot. For the Skp/scFvD1.3 cells, a
decrease in insoluble scFvD1.3 protein content was
observed with increasing Skp co-expression (Figure 4a).
Correspondingly, an increase in soluble scFvD1.3 yield
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Figure 1 Growth of (a) scFvD1.3 cells and (b) BL21/pET control cells during 2 L batch cultures. The point of IPTG induction is indicated by an
arrow (). Viable cell count of scFvD1.3 cells (orange squares) decreased rapidly after induction.

was observed. Likewise for the FkpA/scFvD1.3 cells, a
reduction in insoluble scFvD1.3 protein content with
increasing FkpA co-expression was shown (Figure 4b).
Taken together, these results suggest that the higher cell
viability of cells co-expressing Skp or FkpA with scFvD1.3
could be related to their increased chaperone-mediated
capacity to avert protein aggregation leading to lower
accumulation of insoluble scFvD1.3 proteins and reduced
metabolic stress. Additionally, the effect of co-expressing
both Skp and FkpA together on scFvD1.3 production and
cell viability were also examined. When both folding fac-
tors were simultaneously expressed in the scFvD1.3 cells
using 0.01% arabinose induction (Table 1), the scFvD1.3
yield and cell viability increased approximately 3 fold over
the lacZ control. However, these improvements in
scFvD1.3 yield and cell viability are not higher than the
expression of Skp or FkpA individually (between 8-10
fold). This indicates that the co-expression of Skp and
FkpA together may not have a synergistic effect on
scFvD1.3 production and cell viability.

The N-terminal chaperone activity of FkpA is required for
cell viability recovery

The mature FkpA consists of 245 amino acid residues
with two functional domains (Figure 5a), the N-terminal

and C-terminal domain [13]. The N-terminal domain,
consisting mainly of a-helices, contributes to the dimeri-
sation and chaperone activity of FkpA [15]. On the other
hand, the C-terminal domain, being able to catalyze slow
refolding cis-trans isomerisation reactions in proline-
containing proteins, is responsible for the PPlase activity
[23]. As the chaperone-like activity of FkpA is indepen-
dent of its PPlase activity [23,24] and only requires the
presence of the N-terminal domain [15], the deletion of
the amino acid 3 to 96 at the N-terminal of FkpA was
shown to abolish the chaperone activity. Conversely, the
C-terminal amino acid substitution of Ile at 174 to Ser
and Gly at 176 to Ser was shown to diminish the PPlase
activity of FkpA [15].

To assess if both the chaperone and the PPIase activities
of FkpA are essential for the improvement in cell viability,
the N-terminal, C-terminal and N-C terminal mutants of
FkpA were constructed and cloned under the control of
an arabinose inducible promoter. Mutation at the N-ter-
minal was created by overlap PCR removal of 93 amino
acid residues in the chaperone domain, while the C-ter-
minal mutation was generated using site-directed muta-
genesis of the key active sites in the PPlase domain. From
co-expression experiments, it was found that only the N-
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Figure 2 % Cell viability on LB Kanamycin plates 5 h after induction. (a) From the batch culture, no scFvD1.3-producing cells could be detected
(out of 50 colonies). (b) Co-expression of protein folding factors Skp and FkpA improves % cell viability.

terminal and N-C terminal mutations abolished the posi-
tive effect of FkpA co-expression on cell viability (Figure
5b). On the other hand, co-expression of the C-terminal
mutant form lacking PPIase activity showed a compara-
ble phenotype to the wild-type FkpA. Altogether, it
appears that the protein refolding activity (chaperone) of
FkpA rather than its assembly activity (PPlase) plays a
more crucial role in overcoming metabolic stresses from
protein misfolding and improving cell viability during
scFvD1.3 production.

Microarray transcriptional analysis of chaperone co-
expressing scFvD1.3 cells

As the co-expression of chaperones Skp or FkpA mark-
edly improved protein solubility and cell viability in
scFvD1.3 cells, it is of interest to further characterise the
overall metabolic changes in these cells. Using Affymetrix
E. coli genome 2.0 arrays, global transcriptional changes
in the scFvD1.3 cells were compared to the chaperone co-
expressing Skp/scFvD1.3 and FkpA/scFvD1.3 cells. Biore-
actor cultures of scFvD1.3, Skp/scFvD1.3 and FkpA/
scFvD1.3 cells were cultured under identical conditions
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Figure 3 SDS-PAGE analysis of strains co-expressing LacZ, DsbA, Skp, FkpA. The intensity of protein bands corresponding to (a) LacZ (116 kDa),
DsbA (23 kDa) and (b) Skp (18 kDa), FkpA (29 kDa) increased for strains co-expressing these proteins with increasing arabinose induction.
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Table 1: Co-expression of Skp and FkpA on scFvD1.3 yield and viability

scFvD1.3 yield

scFvD1.3 cell viability

Protein(s) (mg/L) Fold increase (%) Fold increase
co-expressed
LacZ (control) 54+1.5 53+4.2 -
Skp 51.2+£69 46.0+2.8 9%
FkpA 426 +6.1 453+76 22
Skp + FkpA 183127 18.0+2.8 3x

While the co-expression of Skp or FkpA alone at 0.01% arabinose resulted in a 8-10 fold increase in scfvD1.3 yield and cell viability over the
LacZ control, the co-expression of Skp and FkpA together led to only a 3 fold increase.

and samples for microarray were collected three hours
post-induction (with 0.2% arabinose and 20 uM IPTG).
Statistical expression analysis of signal intensity on indi-
vidual arrays revealed that between 74-86% of 4070 E. coli
probe sets on each array were significantly detected as
present. Subsequent comparison expression analyses of
the scFvD1.3 versus the Skp/scFvD1.3 or the FkpA/
scFvD1.3 cells were made. After filtering for genes com-
monly up- or down-regulated by 1.5 fold or more (change
p-value < 0.0025 or > 0.9975) from two biological repli-
cates, a total of 268 up-regulated genes and 355 down-
regulated genes were obtained (Table 2; Additional file 1,
Additional file 2, Additional file 3, Additional file 4).
These regulated genes were classified according to their
functional catagories to identify the gene expression
trends.

Heat shock stress response, protein folding and related
processes

Extensive misfolding and aggregation of proteins during
heterologous protein production is known to induce a
metabolic stress response characterized by the up-regula-
tion of a number of heat shock proteins [25,26]. In line
with the observation of increased amount of insoluble
proteins in the scFvD1.3 cells without chaperone co-
expression, 9 classical heat shock proteins [27] were up-
regulated (dnaj, grpE, ibpA, clpB clpX, lon, hslU, hslV,
htpX) in these cells. Several of these upregulated heat
shock proteins are cytoplasmic molecular chaperones
aiding protein folding and aggregate disassembly in E.
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S § & FIEF S o
£ LK
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(Skp)

Figure 4 Coexpression of protein folding factors FkpA and Skp
reduced the amount of insoluble proteins. From Western blot, the
amount of insoluble scFvD1.3 proteins after sonication reduced with
increasing arabinose induction of (a) Skp or (b) FkpA.

coli. Co-chaperones DnaJ and GrpE, which are partners
of the major Hsp70 DnaK chaperone, are involved in the
recognition of misfolded substrates and release of DnaK
from the substrate-chaperone complex [28,29]. IbpA is a
small heat shock protein first reported to be tightly asso-
ciated with inclusion bodies during heterologous protein
production [30]. It was subsequently found to be a hold-
ing chaperone that assists protein folding by stabilizing
unfolded protein intermediates during periods of severe
stress [31].

In addition to chaperone-assisted refolding, a second
metabolic strategy used by E. coli to eliminate misfolded
proteins is by means of protein degradation pathways. As
much as 80% of protein degradation in E. coli occurs via
two main protease systems: Clp and Lon [32,33]. Interest-
ingly, 3 of the up-regulated genes (clpB clpX, lon) were
related to these protease systems. ClpP is a heat shock-
regulated serine protease that is part of several major
protease complexes including ClpAPX and ClpXP [34].
ClpX, a chaperone responsible for stimulating the ATP-
dependent recognition and degradation of abnormal pro-
teins, also serves as a substrate-specificity modulator and
activator for ClpAXP and ClpPX complexes. ClpS is
another specific modulator for the CIpAP protease com-
plex also found to be up-regulated in the scFvD1.3 cells
[35]. Other than Clp family of protease complexes, Lon is
the other major protease responsible for the degradation
of misfolded proteins and the prevention of protein
aggregation [36,37]. In line with its role as a major intrac-
ellular protease, strains deficient in Lon exhibited lower
rate of abnormal protein degradation compared to the
wildtype [38]. Additionally, the HslUV protease complex,
which is able to functionally substitute the Lon protease
under some conditions, also contributes to overall pro-
tein degradation [39]. Both the ATPase component of the
HslVU protease (encoded by hslll) and the peptidase
component (encoded by /s/V) showed significant up-reg-
ulation [40]. The last classical heat shock protein, HtpX,
is a putative membrane protease. HtpX expression is
induced by high temperature [41] and coordinated by the
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CpxAR two-component regulatory system that senses
and responds to misfolded proteins within the periplas-
mic space [42].

Other up-regulated genes related to protein folding or
degradation include dsbC, tsp, fkpB, ppiC & hsIR. DsbC is
a periplasmic disulfide oxido-reductase required for
isomerization and rearrangement of disulfide bonds of
periplasmic proteins [43]. The transcription of DsbC is
activated by the RpoE regulatory pathway in response to
various cell envelope stresses including the accumulation
of misfolded periplasmic proteins [44]. Tsp is a periplas-
mic serine protease that digests unstably folded proteins
at several sites with broad primary sequence specificity
[45,46]; it also recognizes and digests misfolded cytoplas-

mic and periplasmic proteins tagged by the SsrA protein
quality control system [47]. FkpB and ppiC are both pep-
tidyl-prolyl cis/trans-isomerases catalyzing the cis-trans-
isomerization of proline-containing peptide bonds
[48,49]. Finally, the 4sIR gene product (Hsp15) is an abun-
dant protein possibly involved in recycling free 50S ribo-
somal subunits that still carry nascent polypeptide chains
abandoned during protein translation [50,51].

On the whole, the concurrent activation of multiple
stress genes may constitute the misfolded protein stress
response in the scFvD1.3 cells. It was noted that many of
the upregulated stress genes encode for cytoplasmic
chaperones or proteases rather than periplasmic ones
(except for dsbC and tsp). As it is possible for overpro-
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Table 2: Differentially-regulated genes for scFvD.13 cells over the Skp/scFvD1.3 or FkpA/scFvD1.3 cells

scFvD1.3 vs Skp/scFvD1.3

scFvD1.3 vs FkpA/scFvD1.3

Functions Up-regulated Down-regulated Up-regulated Down-regulated
Heat shock stress clpSdnaJ grpE hsiR lon asr skp clpS clpP clpX dsbC dps fkpA sodC uspB
response, protein ybbN dnal fkpB grpE hslO uspE

folding and related hsIR hslU hslV hspQ
htpXibpA lon ppiC prc
secA secY tatB ybbN
Energy metabolism cydA cydB frdB frdC nuoA nuoC IdhA frdB
nuoE nuoF nuoGnuoH
nuol nuoJ nuoK nuolL
nuoM
TCA cycle and other gcd acs aldAaraD arnT acef araBaraD gcd aceBaceK acnA acs
carbon metabolic astDfucl fucU gcvP glcC aldA astD fbaBfucl
pathways glgX maeB mazG mtID fumA fumC gatY gatZ
nagErffH sdhA sdhB glcB gluD glcFglk gltA
sdhD sucA sucB sucC maeB manXmdh mtID
sucD pckA poxB rbsD sdhB
sdhD sucD tktB yiaG
¥igB
Transport proPtauA artQ dppB dppC cycA araE aqpZ arsBdusB argTchbB cycA
fadL fucKgalP ginH potA sotBnepl proP fadLgabP galP galS
ginP gInQ gltigltK gltL tauA tolA tolRybeX glcA glcGglpT ginH
gntP gntT gntU hcaT ygeD ginP ginQ gltl gitJ
hisQ hisM hisP gltKgltL gntP
mglAmglB mglCmgtA lamBmanY manZ
mtlIR nanT nhaA pstA mglAmgIB mglC oppA
pstSrbsA rbsC rbsK rbsR oppBputP rbsA rbsC
sdaC sstT tsx uxuB yjcG rbsK srlA srIB tsx ugpA
yjcGyjdN yhiP yphF
Amino acids cysWilvCsdaA astBastCastEbeta carA alr argH aroF aroK aceAaphA astB astC
dadX gabT hisA leuB cysMcysW emrD iaaA astEdadA dadX
leuD sdaB tnaA ubiH ilvCsdaA thrA thrB gabTkatG melA pepE
ygeA putA tnaA tnaC
Nucleic acids, menB ribH rrmJ topA fadApolBppxpurBpurl cmk cobS cyaA der allA elaB fadArsd
nucleotides and ndk rrmA ubiB dnaG gpp gsk guaB tnaByaaF ybaE ybeK
cofactors gyrB hflX holCinfB yjbJ
menB menCmfd
obgEproW priB priC
queA rdgBrecF
ribHrimM rluA rnb rnc
rng rnhBrpll rplY
rpmBrpsK rpsP rrmJ
srmB thrCtopA truB
xerDyjgP
Lipid and cell wall- miaA mitD mutM dd|IB fadD fadE fadH cutE fabD glmM lolC anmK blc csiE ecnBerfK
related fadl fadJ ftsimepA IpxP miaA mitD mrcA fadD fadE fadH fadl
mraY mrdA murC mrdA msbAmutM fadJhdfR ybaWyqgeF
murDmurG yeilU yqeF prfBripB yfgB

yrfF
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Table 2: Differentially-regulated genes for scFvD.13 cells over the Skp/scFvD1.3 or FkpA/scFvD1.3 cells (Continued)

Transcription and rpIR romC rpmD rpml deaD fusA hisS/euS sra
translation related rpsN rpsQ ginS ileSIspA nusA
pheS pheT prfCrbfA
rluB rplBrpIC rpID
rplErplF rplJ rplK rplL
rpIMrplO rplP rpiR rplS
rplT rplUrplV rpIW rplX
rpmA rpmC rpmD
rpml rpmJ rpoA
rpoBrpoC rpoDrpsA
rpsB rpsCrpsD rpsE
rpsGrpsH rpsirps)
rpsMrpsN rpsQ
rpsRrpsS trmD valS
Expression cbl SpfyceP ycfR zntR araC csiDfIhC ftsL arsR csdA cspA bolA csiDcspE
regulators and cell ftsQ galS gInG hcaR cysKemrR flgMfis cyaRfeaR fruR fucR glcC
division malT metHmraW pstB glpEhfiB hflC hflK narP hcaRhexR hokB IdrD
soxSsraH rnxG rplArplQ rpmE melR minD minE mokB
spfyceP ycfR zntR omrA sokB yidF yeil
Signalling and ¢spD cstA envZ flgD flgC flgGhepA atoD espDcstA ddpX
motility flgGfigH flgl flgJ flgK htpGtypA ompW yjdl yjjM
flgL purD purH
Unknown or other cysDyceD yciS ycjF ycjX glgS rffA rffC spr ubiA araJcysD cysH cysJ abgA aldB bfrddpA
miscellaneous ydhQ ydjN yeeD yeeE visC ybhQ ycdN ydhC ecfK folD gntY mdtD dkgA ecf) gabD
functions yhdNyoaE yohJ yeel yehU yhdP yhhN mdtH mscS psiEyael. glgSmsrB nank
yjcHyphF ytfS yafD ybeAybeD ybeY osmCosmY psiF ribB rof
ybeZ ybjXyceD yciM ryeA sraH ssnAubiA
yciS ycjF ycjXydhQ xdhB yahK yahNyaiY
ydjN yebC yeeD yeeE yaiZ ybaY ybhQ ybjP
yfcJ yfgM ygiQ yhcN ycaCyccJycgBycgKycil
yhdNyhhS yncJ yohJ ydcL ydcS ydcU ydcW
yrbD yddP ydeN yeaQ yeaT
yebVyebW yedX yeel
yeiTygaM ygcO
ygdlygf) yggE yghZ
ygjR yhaH yifE yihW
yncByniA yodB yohF
yphA yphGyqjD yqjK
ygeV

Comparison expression analysis of the wildtype scFvD1.3 over the chaperone co-expressing Skp/scFvD1.3 or FkpA/scFvD1.3 cells with
Affymetrix GCOS version 1.4. Commonly up- or down-regulated genes (change p-value < 0.0025 or > 0.9975) from two biological replicates
are categorized according to their metabolic functions (genes with fold changes of between: (1) 1.5-3 fold are in italics only, (2) 3-4 fold are

bold, and (3) above 4 fold are bold and underlined).

duced foreign protein to obstruct export sites and pre-
vent proper translocation of other cellular proteins [52],
we proposed that one of the bottlenecks for scFvD1.3
production could be in the periplasmic translocation
step. Consistent with this proposition, it was reported
that misfolded IPTG-induced scFv was not released from
periplasm after osmotic shock showing that they either
associate with the inner membrance or remain within the
cytoplasm [53]. Moreover, the cytoplasmic accumulation
of unsecreted proteins (from the overproduction of

export-defective proteins) also led to a two- to fivefold
increase in the synthesis of heat shock proteins [26].

Bioenergetics, carbon metabolism, transport

The respiratory electron transport chain of E. coli con-
tains two distinct membrane-bound NADH dehydroge-
nases (NDH-1 and NDH-2) both catalysing the oxidation
of NADH [54]. The subsequent transfer of electrons via
ubiquinone to one of the two main terminal oxidase com-
plexes (cytochrome bd and cytochrome bo) generates a
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proton motive force, which could be used as an energy
source driving ATP synthesis or active transport of nutri-
ents [55]. The NADH dehydrogenase complex I or NDH-
1 consists of 14 subunits encoded by nuoA to nuoN and
the deletion of any of the nuo genes leads to a complete
loss of activity in the membrane [56]. In the Skp/scFvD1.3
cells, 11 of the 14 nuo genes of NDH-1 were up-regulated.
However, the cydA and cydB genes encoding the only two
subunits of cytochrome bd were down-regulated in these
cells (Table 2). Additionally, up-regulation of the frdB and
frdC genes encoding for two separate subunits of fumar-
ate reductase (a terminal electron acceptor under anaero-
bic or fermentative conditions) was observed [57]. These
results seem to suggest that the scFvD1.3 cells could be
utilizing different pathways for energy production rela-
tive to the Skp/scFvD1.3 cells.

The tricarboxylic acid (TCA) cycle is a central meta-
bolic pathway crucial for the generation of metabolic pre-
cursors as well as several high-energy molecules like ATP
and NADH ([58]. In agreement with the observed lower
cell viability of the scFvD1.3 cells, it was noted that the
gene expression of many TCA enzymes was down-regu-
lated in these cells relative to the Skp/scFvD1.3 cells
(sdhA, sdhB, sdhD, sucA, sucB, sucC, sucD) or the FkpA/
scFvD1.3 cells (acnA, fumA, fumC, gitA, mdh, sdhB,
sdhD, sucD). Citrate synthase (encoded by gltA) catalyzes
the first step in the TCA cycle that feeds acetyl-CoA into
the pathway by converting acetyl-CoA to citrate. The
product of acnA, which catalyzes the second and third
steps in TCA, is an aerobic stationary-phase aconitase
that is specifically induced by iron and redox-stress [59].
Other downregulation of enzymes responsible for the
subsequent TCA reactions included: o ketoglutarate
dehydrogenase (sucA, sucB), succinyl-CoA synthetase
(sucC, sucD), succinate dehydrogenase (sdhA, sdhB,
sdhD), fumarate reductase (fumA, fumC), and malate
dehydrogenase (mdh). The overall down-regulation of
TCA cycle enzymes suggests that, compared to the chap-
erone co-expressing cells, the scFvD1.3 cells could have
lower capacity for the generation of metabolic energy.

Other genes related to the TCA cycle include: the
NADP-linked malic enzymes gene (maeB) which cata-
lyzes the interconversion of TCA intermediates malate
and oxaloacetate; acetyl-CoA synthetase gene (acs) which
has an anabolic scavenging function that converts acetate
from the medium into acetyl-CoA that feeds into TCA
cycle [60]. maeB and acs were also downregulated in the
scFvD1.3 cells. In addition, consistent with the notion of a
lower capacity for energy generation of the scFvD1.3
cells, a number of transport genes catalysing the uptake
of alternative carbon sources (cycA, fadL, galB ginH,
glnQ, glt), gltK, gitL, gntP. rbsA, rbsC, rbsK, yjcG), as well
as several genes related to amino acid (astB, astC, astE,
dadX gabT, tnaA), nucleotide (purB, purl) and fatty acid
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(fadD, fade, fadH, fadl, fad]) metabolism, were also
down-regulated.

Transcription and translation, expression regulators and
signalling processes

Related to transcription, three genes (rpoA, rpoB, rpoC)
encoding for the core enzyme of E. coli RNA polymerase
showed up-regulation in the scFvD1.3 cells over the
FkpA/scFvD1.3 cells. In addition, the rpoD gene encoding
for the primary sigma factor 70 during exponential
growth was also upregulated. Sigma factor 70 enables the
RNA polymerase core enzyme to recognise and coordi-
nate the transcription of housekeeping genes during cell
growth [61]. Related to translation, the expression of sev-
eral 50S (rpiB, rplC, rplD, rplE, rplE rpl], rplK, rplL,
rpIM, rplO, rplB rplR, rplS, rplT, rpll, rplV, rplW; rpiX,
rpmA, rpmC, rpmD, rpml, rpm]) and 30S (rpsA, rpsB,
rpsC, rpsD, rpsE, rpsG, rpsH, rpsk, rpsj, rpsM, rpsN, rpsQ,
rpsR, rpsS) ribosomal protein genes were found to be up-
regulated in the scFvD1.3 cells. The ribosomal proteins
form the bacterial ribosome that initiate protein synthesis
according to information encoded in the mRNAs and
their expession are coordinately-regulated in response to
the rate of growth and protein synthesis [62,63]. Related
to translation as well, the upregulation of seven tRNA
synthetase genes (hisS, leuS, GInS, ileS, pheS, pheT, valS)
responsible for covalent linkage of various amino acids to
their specific tRNA molecules was also seen [64]. Other
upregulated genes related to the ribosome function and
processing include: deaD - which assembles the large 50S
ribosomal subunit [65], fusA - an elongation factor that
facilitates the translocation of ribosome along the mRNA
[66], prfC - a GTPase which facilitates the release of the
growing polypeptide chain at stop codons [67], and rbfA -
a 30S ribosomal subunit associated protein required for
the efficient processing of the 16S rRNA [68]. The results
suggest that the scFvD1.3 cells could be actively synthe-
sizing more host proteins such as chaperones and pro-
teases in response to the metabolic stress compared to
the FkpA/scFvD1.3 cells. Finally, several genes encoding
for transcriptional regulators, cell division, signalling and
motility proteins also exhibited differential-regulation.
The former includes flhC, the principal regulator of fla-
gellum biogenesis and swarming migration [69] and the
fruR (also known as cra) pleiotropic regulator of carbon
flow through glycolysis and other metabolic pathways
[70,71]. Interestingly, fruR was also shown to regulate the
cellular growth and productivity of metabolically-
stressed plasmid-bearing cells during fermentation pro-
cesses [72,73].

Real-time PCR analysis of stress-related and TCA cycle
genes from microarray

A series of additional real-time PCR experiments were
carried out to validate the expression of key genes identi-
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fied from the microarray study (Table 3). Out of ten genes
validated, seven are stress-related genes upregulated in
the metabolically-stressed scFvD1.3 cells from microar-
ray data, while the other three are down-regulated TCA
cycle genes. Although not of the same magnitude, the
real-time PCR expression of these genes agreed fairly well
with the microarray data. In particular, the real-time PCR
expression of six stress-related genes (clpS, dna], fkpB,
grpE, hsIR, ibpA, ybbN) was consistently higher in
absence of chaperone expression, thus validating that
these six genes were indeed up-regulated in the metaboli-
cally-stressed cells. As possible future work to improve
heterologous protein expression, the native promoter
sequences of these genes could be cloned upstream of a
reporter gene to indicate potential protein misfolding in
recombinant cells during fermentation processes.

Conclusions

The periplasmic expression of scFvD1.3 antibody frag-
ments led to the accumulation of insoluble scFvD1.3 pro-
teins and a decrease in the cell viability of scFvD1.3 cells,
therefore providing a model to examine the metabolic
stress possibly related to protein misfolding and its asso-
ciated loss of cell viability. As protein misfolding and
aggregation into insoluble inclusion bodies can be pre-
vented via the activity of protein folding factors, three
folding factors were co-expressed in parallel with
scFvD1.3. It was shown that the co-expression of Skp and
FkpA increased scFvD1.3 solubility and cell viability in a
dosage-dependent manner. From N-terminal and C-ter-
minal mutation experiments performed on FkpA, it was
shown that its chaperone activity is required for the
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improvement of cell viability. These results further sup-
port the notion that protein misfolding is the principal
cause of metabolic burden in the scFvD1.3 cells.

Global gene expression analysis of the scFvD1.3 cells
over the chaperone-expressing cells showed a clear trend
of up-regulation for genes involved in heat-shock
response and protein misfolding, including several genes
belonging to the major HSP70 DnaK chaperone family
and key proteases of the Clp and lon protease systems.
Other gene expression trends include: (1) the differential
regulation of several energy metabolic genes, (2) down-
regulation of the central metabolic TCA cycle and trans-
port genes, and (3) up-regulation of growth-rate depen-
dent ribosomal genes. In all, the parallel transcriptional
regulation on metabolic stress related and other genes
may constitute the stress response to protein misfolding
in the scFvD1.3 cells. These gene expression information
could prove to be valuable for the selection and construc-
tion of reporter contructs for monitoring of the protein
misfolding response during antibody fragment produc-
tion.

Methods

Cloning and bacterial strains

The pET-scFvD1.3 plasmid carrying the scFvD1.3 (anti-
hen egg lysozyme) gene in an isopropyl p-D-1-thiogalac-
topyranoside (IPTG)-inducible pET-39b(+) vector (Nova-
gen, USA) was transformed into Escherichia coli
BL21(DE3) (Invitrogen, USA) to give the scFvD1.3 cells.
The lacZ, dsbA skp and fkpA genes were amplified from
E. coli genomic DNA and separately cloned into the MCS
of the arabinose-inducible pACYCDuet-1 plasmid

Table 3: Real-time PCR validation of stress-related and TCA cycle genes

scFvD1.3 vs Skp/scFvD1.3

scFvD1.3 vs FkpA/scFvD1.3

Gene Real-time PCR expression ratio

clpS 1.6 1.9
dnal 2.1 3.0
fkpB 16 1.7
grpE 1.8 1.4
hsIR 2.2 25
ibpA 1.1 14
ybbN 2.5 24
sdhB -2.1 -2.7
sdhD -2.5 -2.6
sucD -2.5 24

Quantitative real-time gene expression comparison of the wildtype scFvD1.3 over the chaperone co-expressing Skp/scFvD1.3 or FkpA/
scFvD1.3 cells. Seven upregulated stress-related genes and three down-regulated TCA cycle genes from the microarray were validated with

real-time PCR.
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(Novagen, USA). The plasmids carrying these genes were
subsequently transformed into the scFvD1.3 cells to give
the: (1) BL21/pET-scFvD1.3/pAra-lacZ, (2) BL21/pET-
scFvD1.3/pAra-dsbA, (3) BL21/pET-scFvD1.3/pAra-skp
(Skp/scFvD1.3 cells), and (4) BL21/pET-scFvD1.3/pAra-
fkpA (FkpA/scFvD1.3 cells) respectively. To examine the
effect of co-expressing Skp and FkpA together, both skp
& fkpA genes were also cloned in tandem into the MCS
of the pACYCDuet-1 vector and transformed into the
scFvD1.3 cells.

The N-terminal mutation in FkpA (deletion of amino
acid residues 3 to 96) was generated using overlap exten-
sion PCR as decribed [15]. The two mega primers were
amplified from fkpA using primer N3 (5' ATTCTTTGC-
CTTTCGCTTCGTTATCCGGTTTCGCCGC TTCCG
CCGC 3) and N5 (5' GATAACGAAGCGAAAGGCAA
AGAATATC 3') in two separate PCR reactions with the
Stratagene pfu turbo mastermix (Stratagene, USA). Ther-
mal cycle conditions were: 95°C for 2 minutes, followed
by 35 cycles of 95°C for 30 seconds, 49°C °C for 30 sec-
onds and 72°C for 1 minutes and a final 72°C for 10 min-
utes. Subsequently, the N3 and N5 products were
overlapped by adding 5 microliters of the products in
another 25 pl PCR reaction. The reaction was carried out
for 10 cycles to generate the template for a third round of
PCR using 20 pmoles of flanking primers. For the genera-
tion of the FkpA C-terminal mutation, the amino acid
substitutions of Ile and Gly at position 174 and 176 to Ser
was performed with Quikchange Site-Directed Mutagen-
esis Kit (Stratagene, CA) according the the manufacturer
protocol. A pair of sense (5' CTGGATGGCGTGAGTC-
CGAGCTGGACCGAAGGC 3') and antisense (5
GCCTTCGGTCCAGCTCGGACTCACGCCATCCAG
3') mutagenesis primers were used and the thermal cycle
conditions were: 95°C for 30 seconds, followed by 12
cycles of 95°C for 30 seconds, 55°C for 30 seconds and
68°C for 5 minutes. 10 U of Dpnl restriction enzyme was
added to each amplification reaction (37°C, 1 hour)
before transformation into XL1-Blue supercompetent
cells and selection on LB chloramphenicol (34 pg/ml)
plates. All mutations of fkpA were confirmed by sequenc-
ing before cloning into pACYCDuet-1.

Shake flask and bioreactor culturing

Kanamycin (50 pg/ml) was used for the selection of the
scFvD1.3 cells, while kanamycin (30 pg/ml) and chloram-
phenicol (34 ug/ml) were used for the selection of chaper-
one co-expressing cells. Single colonies on LB plates with
the appropriate antibiotics were inoculated into 50 mL
LB + 0.5% glucose (37°C, 220 rpm) to prepare the starter
culture. After 15-18 hours, 5 ml of the the starter culture
was inoculated into 50 ml 2xYT media (16 g/L tryphone,
10 g/L yeast extraction, 5 g/L NaCl, 1 g/L glycerol) and
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cultured at 30°C (220 rpm). When OD600 has reached
0.8-1, IPTG (20 pM) was used for the induction of
scFvD1.3 expression and arabinose (0 to 0.2%) was used
to co-induce the expression of Skp, FkpA and the other
proteins.

20 mL of the starter cultures were inoculated into bio-
reactors containing 2 L 2xYT media. The following cul-
ture parameters were used: 30°C, pH 7.0, minimum 20%
dissolved oxygen (DO) cascaded to stirrer (200-800 rpm)
followed by airflow (1.5-10 L/min). ODg, readings were
measured hourly with Libra UV/VIS S22 Spectropho-
tometer (Biochrom, UK). When ODg, reached 4.0-6.0,
IPTG (20 uM) and arabinose (0.2%) were added for
induction of scFvD1.3 and chaperones (skp and fkpA)
respectively. Three hours post-induction, about 5x10°-
1x1010 bacteria cells were collected and immediately sta-
bilized with 2 volumes of RNAprotect reagent (QIAGEN,
Valencia, CA) for 5 min. Subseqently, the samples were
centrifuged (4600 rpm, 5 min) and resultant pellets were
immediately stored at -80°C for microarray analysis.

Cell viability and Western blot

Cell samples were collected at alternate hours and diluted
with 0.1% peptone (103-10¢ dilutions). Samples were
plated onto LB and LB+Kan plates and incubated over-
night at 37°C for colony counts. 50-100 colonies were
picked from LB plates of each time-point with sterile
toothpicks, streaked onto LB+Kan and LB plates and
incubated overnight at 37°C. Cell viability is taken as the
number of colonies on LB+Kan over LB plates. Cell pel-
lets (1 ml) five hours post-induction were resuspended in
500 pl of TBS buffer and subjected to 6 to 8 rounds of
sonication on ice using Vibracell Ultrasonic Processor
130 Watt (SONICS), with an interval of 10 seconds. The
sonicated samples were then centrifuged at 13,000 rpm
for 2 min. The resultant pellet consisted of the cell debris
along with the insoluble proteins, while the supernatant
consisted of soluble proteins. For SDS-PAGE, the soluble
proteins after reduction were loaded onto 4%-12%
NuPage polyacrylamide gels (Invitrogen, USA) and ran
with a constant voltage of 200 V for 35 mins before coo-
massie staining. For Western blot, both the soluble and
insoluble proteins after SDS-PAGE were transferred to a
methanol activated PVDF membrane at constant current
of 80 mA per gel for 60 min. After blocking (3% non-fat
milk, 20 mM Tris-HCI, pH 7.5 150 mM NacCl, 1% tween
20) for 1 hour with agitation at room temperature, the
membrane was washed three times in TBST (20 mM
Tris-HCI, pH 7.5 150 mM NaCl, 1% tween 20) and incu-
bated with 1:1000 mouse anti-his-HRP antibody (Merck,
Germany) for 2 hours at room temperature. Washing was
repeated again three times and the scFvD1.3 proteins
visualized with a Bio-Rad alkaline phosphatase conjugate
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substrate kit as per manufacturer protocol (Bio-Rad, CA,
USA).

Enzyme-linked InmunoSorbent Assay (ELISA)

Serial dilutions (100 pl) of samples and scFvD1.3 stan-
dards were added to microtitre plates (NUNC, Denmark)
coated overnight previously with 1 g/L lysozyme solution
and incubated at room temperature for 1.5 h. The plates
were subsequently washed three times (0.1% Tween-20 in
PBS) and incubated with 1:5000 mouse anti-penta-his
antibody (QIAGEN, CA, USA) for 1.5 h, followed by
washing and a second incubation (1.5 h) with 1:5000 goat
anti-mouse IgG horseradish antibody (Sigma, MO, USA).
After a final washing step, the plates were incubated in
the dark (30 min) with 100 ul TMB substrate solution
(Thermo Scientific, MA, USA), before addition of 100 pl
2 M H,SO, to halt the reaction. Absorbance values were
read by a Sunrise microplate reader (TECAN, Switzer-
land) at 450nm with 620nm reference absorbance.

Microarray analysis

RNA extraction was performed using QIAGEN RNeasy
Extraction Midi Kit (QIAGEN, Valencia, CA) according
to manufacturer's instructions. Subsequent procedures
were performed according to GeneChip” Expression
Analysis Technical Manual (Affymetrix, USA), with ref-
erence to the 169 array format of the GeneChip’ E. coli
Genome 2.0 Array. Briefly, cDNA synthesis was carried
out by reverse transcription of RNA (~10 pg) using
SuperScript II (Invitrogen, Carlsbad, CA) and random
primers. cDNA was purified and eluted with MinElute
PCR Purification Kit (QIAGEN, Valencia, USA). cDNA
was fragmented with 0.6 U/uL DNAsel to produce cDNA
fragments between 50-200 bp. cDNA was labeled with
GeneChip’ Labeling Reagent using terminal deoxynucle-
otidyl transferase. Labeled ¢cDNA was hybridized to
GeneChip' E. coli Genome 2.0 Array and incubated in a
hybridization oven (45°C, 16 rpm). Array washing and
staining was automated by GeneChip" Fluidics Station
450 and scanned with GeneChip’ Scanner 3000. Image
data was analyzed with GeneChip” Operating Software
(GCOS) as described in the GeneChip’ expression man-
ual. Data for 4070 E. coli K12 probes was exported and
analyzed. Comparison expression analysis was performed
to compare cell intensities of control probes across differ-
ent arrays and create a scaling factor for each chip. This
quantifies gene expression changes and avoids inaccura-
cies from probe specific effects. Change algorithms then
calculate relative changes in expression levels of tran-
scripts between two separate probe arrays (experiment
and baseline) and express them as signal log ratios and
change p-values.
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Additional material

Additional file 1 Up-regulated genes for scFvD.13 cells over the Skp/
scFvD1.3 cells. Fold-change, gene ID and functional information were
listed for up-regulated genes from comparison expression analysis of the
wildtype scFvD1.3 over the chaperone co-expressing Skp/scFvD1.3 cells.
Additional file 2 Down-regulated genes for scFvD.13 cells over the
Skp/scFvD1.3 cells. Fold-change, gene ID and functional information were
listed for down-regulated genes from comparison expression analysis of
the wildtype scFvD1.3 over the chaperone co-expressing Skp/scFvD1.3
cells.

Additional file 3 Up-regulated genes for scFvD.13 cells over the FkpA/
scFvD1.3 cells. Fold-change, gene ID and functional information were
listed for up-regulated genes from comparison expression analysis of the
wildtype scFvD1.3 over the chaperone co-expressing FkpA/scFvD1.3 cells.

Additional file 4 ADown-regulated genes for scFvD.13 cells over the
FkpA/scFvD1.3 cells. Fold-change, gene ID and functional information
were listed for down-regulated genes from comparison expression analysis
of the wildtype scFvD1.3 over the chaperone co-expressing FkpA/scFvD1.3
cells.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

DSO conceived of the research, DSO and VWW participated in its design and
coordination; DSO and DYL performed the experiments, interpreted the results
and drafted the manuscript; AC and PMN participated in the Western and
microarray analysis. All authors read and approved the final manuscript.

Acknowledgements

The authors wish to thank: The Agency for Science, Technology and Research
(A*STAR) for their generous funding of this research; Joo Yee, Michelle Zhong,
E-Young, Ron Leonard, Cara Chin and Sabrina Yeo for their enthusiastic help on
the experiments; Bernard Loo and William Chong for their critical and insightful
comments.

Author Details

Bioprocessing Technology Institute, Agency for Science, Technology and
Research (A*STAR), #06-01, Centros, 20 Biopolis Way, 138668, Singapore and
2School of Biological Sciences, Nanyang Technological University, 637551,
Singapore

Received: 20 November 2009 Accepted: 13 April 2010
Published: 13 April 2010

References

1. Holliger P, Hudson PJ: Engineered antibody fragments and the rise of
single domains. Nat Biotechnol 2005, 23:1126-1136.

2. Hudson PJ: Recombinant antibody constructs in cancer therapy. Curr
Opin Immunol 1999, 11:548-557.

3. Viti F, Tarli L, Giovannoni L, Zardi L, Neri D: Increased binding affinity and
valence of recombinant antibody fragments lead to improved
targeting of tumoral angiogenesis. Cancer Res 1999, 59:347-352.

4. Campana VY, Zentilin L, Mirabile |, Kranjc A, Casanova P, Giacca M, et al.:
Development of antibody fragments for immunotherapy of prion
diseases. Biochem J 2009, 418:507-515.

5. Arbabi-Ghahroudi M, Tanha J, MacKenzie R: Prokaryotic expression of
antibodies. Cancer Metastasis Rev 2005, 24:501-519.

6.  Gasser B, Saloheimo M, Rinas U, Dragosits M, Rodriguez-Carmona E,
BaumannK; et al.: Protein folding and conformational stress in microbial
cells producing recombinant proteins: a host comparative overview.
Microb Cell Fact 2008, 7:11.

7. Baneyx F, Mujacic M: Recombinant protein folding and misfolding in
Escherichia coli. Nat Biotechnol 2004, 22:1399-1408.

8. Kolaj O, Spada S, Robin S, Wall JG: Use of folding modulators to improve
heterologous protein production in Escherichia coli. Microb Cell Fact
2009, 8:9.



http://www.biomedcentral.com/content/supplementary/1475-2859-9-22-S1.DOC
http://www.biomedcentral.com/content/supplementary/1475-2859-9-22-S2.DOC
http://www.biomedcentral.com/content/supplementary/1475-2859-9-22-S3.DOC
http://www.biomedcentral.com/content/supplementary/1475-2859-9-22-S4.DOC
http://www.microbialcellfactories.com/content/9/1/22
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16151406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10508712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19000036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16408159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18394160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15529165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19173718

Ow et al. Microbial Cell Factories 2010, 9:22
http://www.microbialcellfactories.com/content/9/1/22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Walton TA, Sousa MC: Crystal structure of Skp, a prefoldin-like
chaperone that protects soluble and membrane proteins from
aggregation. Mol Cell 2004, 15:367-374.

Bulieris PV, Behrens S, Holst O, Kleinschmidt JH: Folding and insertion of
the outer membrane protein OmpaA is assisted by the chaperone Skp
and by lipopolysaccharide. JBiol Chem 2003, 278:9092-9099.

Hayhurst A, Harris WJ: Escherichia coli skp chaperone coexpression
improves solubility and phage display of single-chain antibody
fragments. Protein Expr Purif 1999, 15:336-343.

Horne SM, Young KD: Escherichia coli and other species of the
Enterobacteriaceae encode a protein similar to the family of Mip-like
FK506-binding proteins. Arch Microbiol 1995, 163:357-365.

Saul FA, Arie JP, Vulliez-le Normand B, Kahn R, Betton JM, Bentley GA:
Structural and functional studies of FkpA from Escherichia coli, a cis/
trans peptidyl-prolyl isomerase with chaperone activity. J Mol Biol
2004, 335:595-608.

Missiakas D, Betton JM, Raina S: New components of protein folding in
extracytoplasmic compartments of Escherichia coli SurA, FkpA and
Skp/OmpH. Mol Microbiol 1996, 21:871-884.

Arie JP, Sassoon N, Betton JM: Chaperone function of FkpA, a heat shock
prolyl isomerase, in the periplasm of Escherichia coli. Mol Microbiol
2001, 39:199-210.

Zhang Z, Song LP, Fang M, Wang F, He D, Zhao R, et al.: Production of
soluble and functional engineered antibodies in Escherichia coli
improved by FkpA. Biotechniques 2003, 35:1032.

Boulot G, Eisele JL, Bentley GA, Bhat TN, Ward ES, Winter G, et al.:
Crystallization and preliminary X-ray diffraction study of the bacterially
expressed Fv from the monoclonal anti-lysozyme antibody D1.3 and of
its complex with the antigen, lysozyme. J Mol Biol 1990, 213:617-619.
Hawekins RE, Russell SJ, Baier M, Winter G: The contribution of contact
and non-contact residues of antibody in the affinity of binding to
antigen. The interaction of mutant D1.3 antibodies with lysozyme. J
Mol Biol 1993, 234:958-964.

England P, Bregegere F, Bedouelle H: Energetic and kinetic contributions
of contact residues of antibody D1.3 in the interaction with lysozyme.
Biochemistry 1997, 36:164-172.

Aldor IS, Krawitz DC, Forrest W, Chen C, Nishihara JC, Joly JC, et al.:
Proteomic profiling of recombinant Escherichia coliin high-cell-density
fermentations for improved production of an antibody fragment
biopharmaceutical. Appl Environ Microbiol 2005, 71:1717-1728.

Bardwell JC, McGovern K, Beckwith J: Identification of a protein required
for disulfide bond formation in vivo. Cell 1991, 67:581-589.

Fabianek RA, Hennecke H, Thony-Meyer L: Periplasmic protein
thiol:disulfide oxidoreductases of Escherichia coli. FEMS Microbiol Rev
2000, 24:303-316.

Ramm K, Pluckthun A: The periplasmic Escherichia coli peptidylprolyl cis,
trans-isomerase FkpA. Il. Isomerase-independent chaperone activity in
vitro. JBiol Chem 2000, 275:17106-17113.

Bothmann H, Pluckthun A: The periplasmic Escherichia coli
peptidylprolyl cis, trans-isomerase FkpA. I. Increased functional
expression of antibody fragments with and without cis-prolines. JBiol
Chem 2000, 275:17100-17105.

Kanemori M, Mori H, Yura T: Induction of heat shock proteins by
abnormal proteins results from stabilization and not increased

synthesis of sigma 32 in Escherichia coli. JBacteriol 1994, 176:5648-5653.

Wild J, Walter WA, Gross CA, Altman E: Accumulation of secretory protein
precursors in Escherichia coliinduces the heat shock response. J
Bacteriol 1993, 175:3992-3997.

Gross CA: Function and regulation of the heat shock. In Escherichia coli
and Salmonella Edited by: Neidhardt FC, Curtiss R, Lin ECC, Low KB,
Magasanik B, Reanikoff WS, et al. ASM Press (Washinton DC);
1996:1382-1399.

Bukau B, Horwich AL: The Hsp70 and Hsp60 chaperone machines. Cell
1998, 92:351-366.

Genevaux P, Georgopoulos C, Kelley WL: The Hsp70 chaperone
machines of Escherichia coli: a paradigm for the repartition of
chaperone functions. Mol Microbiol 2007, 66:840-857.

Laskowska E, Wawrzynow A, Taylor A: IbpA and IbpB, the new heat-
shock proteins, bind to endogenous Escherichia coli proteins
aggregated intracellularly by heat shock. Biochimie 1996, 78:117-122.
Han MJ, Yun H, Lee SY: Microbial small heat shock proteins and their use
in biotechnology. Biotechnol Adv 2008, 26:591-609.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13 of 14

Maurizi MR: Proteases and protein degradation in Escherichia coli.
Experientia 1992, 48:178-201.

Goldberg AL, Moerschell RP, Chung CH, Maurizi MR: ATP-dependent
protease La (lon) from Escherichia coli. Methods Enzymol 1994,
244:350-375.

Wang J, Hartling JA, Flanagan JM: The structure of ClpP at 2.3 A
resolution suggests a model for ATP-dependent proteolysis. Cell 1997,
91:447-456.

Dougan DA, Reid BG, Horwich AL, Bukau B: CIpS, a substrate modulator
of the CIpAP machine. Mol Cell 2002, 9:673-683.

Chung CH, Goldberg AL: The product of the lon (capR) gene in
Escherichia coliis the ATP-dependent protease, protease La. Proc Nat/
Acad Sci USA 1981, 78:4931-4935.

Laskowska E, Kuczynska-Wisnik D, Skorko-Glonek J, Taylor A: Degradation
by proteases Lon, Clp and HtrA, of Escherichia coli proteins aggregated
in vivo by heat shock; HtrA protease action in vivo and in vitro. Mol
Microbiol 1996, 22:555-571.

Ryzhavskaia AS, Kaidalova NV, Anukhin |, Kliachko EV, Livshits VA: [Stability
of normal, abnormal and recombinant proteins in Escherichia coli
strains deficient for intracellular proteinase La--the product of the lon
genel. Mol Biol (Mosk) 1988, 22:201-208.

Wu WF, Zhou Y, Gottesman S: Redundant in vivo proteolytic activities of
Escherichia coli Lon and the ClpYQ (HslUV) protease. JBacteriol 1999,
181:3681-3687.

Rohrwild M, Coux O, Huang HC, Moerschell RP, Yoo SJ, Seol JH, et al.: HsIV-
HslU: A novel ATP-dependent protease complex in Escherichia coli
related to the eukaryotic proteasome. Proc Natl Acad Sci USA 1996,
93:5808-5813.

Kornitzer D, Teff D, Altuvia S, Oppenheim AB: Isolation, characterization,
and sequence of an Escherichia coli heat shock gene, htpX. JBacteriol
1991, 173:2944-2953.

Shimohata N, Chiba S, Saikawa N, Ito K, Akiyama Y: The Cpx stress
response system of Escherichia coli senses plasma membrane proteins
and controls HtpX, a membrane protease with a cytosolic active site.
Genes Cells 2002, 7:653-662.

Missiakas D, Georgopoulos C, Raina S: The Escherichia coli dsbC (xprA)
gene encodes a periplasmic protein involved in disulfide bond
formation. EMBOJ 1994, 13:2013-2020.

Dartigalongue C, Missiakas D, Raina S: Characterization of the Escherichia
coli sigma E regulon. JBiol Chem 2001, 276:20866-20875.

Park JH, Lee YS, Chung CH, Goldberg AL: Purification and
characterization of protease Re, a cytoplasmic endoprotease in
Escherichia coli. JBacteriol 1988, 170:921-926.

Keiler KC, Silber KR, Downard KM, Papayannopoulos IA, Biemann K, Sauer
RT: C-terminal specific protein degradation: activity and substrate
specificity of the Tsp protease. Protein Sci 1995, 4:1507-1515.

Spiers A, Lamb HK, Cocklin S, Wheeler KA, Budworth J, Dodds AL, et al.:
PDZ domains facilitate binding of high temperature requirement
protease A (HtrA) and tail-specific protease (Tsp) to heterologous
substrates through recognition of the small stable RNA A (ssrA)-
encoded peptide. JBiol Chem 2002, 277:39443-39449.

Hottenrott S, Schumann T, Pluckthun A, Fischer G, Rahfeld JU: The
Escherichia coli SlyD is a metal ion-regulated peptidyl-prolyl cis/trans-
isomerase. JBiol Chem 1997, 272:15697-15701.

Rahfeld JU, Schierhorn A, Mann K, Fischer G: A novel peptidyl-prolyl cis/
trans isomerase from Escherichia coli. FEBS Lett 1994, 343:65-69.

Korber P, Zander T, Herschlag D, Bardwell JC: A new heat shock protein
that binds nucleic acids. JBiol Chem 1999, 274:249-256.

Korber P, Stahl JM, Nierhaus KH, Bardwell JC: Hsp15: a ribosome-
associated heat shock protein. EMBO J 2000, 19:741-748.

Glick BR: Metabolic load and heterologous gene expression. Biotechnol
Adv 1995, 13:247-261.

Somerville JE Jr, Goshorn SC, Fell HP, Darveau RP: Bacterial aspects
associated with the expression of a single-chain antibody fragment in
Escherichia coli. Appl Microbiol Biotechnol 1994, 42:595-603.

Calhoun MW, Gennis RB: Demonstration of separate genetic loci
encoding distinct membrane-bound respiratory NADH
dehydrogenases in Escherichia coli. J Bacteriol 1993, 175:3013-3019.
Puustinen A, Finel M, Haltia T, Gennis RB, Wikstrom M: Properties of the
two terminal oxidases of Escherichia coli. Biochemistry 1991,
30:3936-3942.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15304217
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12509434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10092493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7540828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14672666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8878048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11123702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14628677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2113587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8263942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8993330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1934062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10841975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10748201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10748200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7916010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8320215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9476895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17919282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8818220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18789382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1740190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7845219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9390554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6458037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8939438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3287135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10368141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8650174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1826904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12081643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8168498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11274153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2892828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8520476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12177052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9188461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8163020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9867837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10675343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14537822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7765735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8387992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1850294

Ow et al. Microbial Cell Factories 2010, 9:22 Page 14 of 14
http://www.microbialcellfactories.com/content/9/1/22

56. Schneider D, Pohl T, Walter J, Dorner K, Kohlstadt M, Berger A, et al.:
Assembly of the Escherichia coliNADH:ubiquinone oxidoreductase
(complex I). Biochim Biophys Acta 2008, 1777:735-739.

57. Iverson TM, Luna-Chavez C, Cecchini G, Rees DC: Structure of the
Escherichia coli fumarate reductase respiratory complex. Science 1999,
284:1961-1966.

58. Cronan RJ, Laporte D: Tricarboxylic acid cycle and glyoxylate bypass. In
Escherichia coli and Salmonella Edited by: Neidhardt FC. Washington, D.C.:
American Society for Microbiology; 1996:206-216.

59. Cunningham L, Gruer MJ, Guest JR: Transcriptional regulation of the
aconitase genes (acnA and acnB) of Escherichia coli. Microbiology 1997,
143(Pt 12):3795-3805.

60. Brown TD, Jones-Mortimer MC, Kornberg HL: The enzymic
interconversion of acetate and acetyl-coenzyme A in Escherichia coli. J
Gen Microbiol 1977,102:327-336.

61. Ishihama A: Functional modulation of Escherichia coliRNA polymerase.
Annu Rev Microbiol 2000, 54:499-518.

62. Lindahl L, Zengel JM: Ribosomal genes in Escherichia coli. Annu Rev
Genet 1986, 20:297-326.

63. Maguire BA, Zimmermann RA: The ribosome in focus. Cell 2001,
104:813-816.

64. InokuchiH, Yamao F: Structure and expression of prokaryotic tRNA. In
tRNA: Structure, Biosynthesis, and function Edited by: Soll D, Rajbhandary
UL, Rajbhandary TL. ASM Press, Washington DC; 1995:17-30.

65. Charollais J, Dreyfus M, lost I: CsdA, a cold-shock RNA helicase from
Escherichia coli, is involved in the biogenesis of 50S ribosomal subunit.
Nucleic Acids Res 2004, 32:2751-2759.

66. Wintermeyer W, Savelsbergh A, Semenkov YP, Katunin VI, Rodnina MV:
Mechanism of elongation factor G function in tRNA translocation on
the ribosome. Cold Spring Harb Symp Quant Biol 2001, 66:449-458.

67. Goldstein JL, Caskey CT: Peptide chain termination: effect of protein S
on ribosomal binding of release factors. Proc Natl Acad Sci USA 1970,
67:537-543.

68. Bylund GO, Wipemo LC, Lundberg LA, Wikstrom PM: RimM and RbfA are
essential for efficient processing of 16S rRNA in Escherichia coli. J
Bacteriol 1998, 180:73-82.

69. Liu X, Matsumura P: The FIhD/FIhC complex, a transcriptional activator
of the Escherichia coli flagellar class Il operons. J Bacteriol 1994,
176:7345-7351.

70. Ramseier TM, Bledig S, Michotey V, Feghali R, Saier MH Jr: The global
regulatory protein FruR modulates the direction of carbon flow in
Escherichia coli. Mol Microbiol 1995, 16:1157-1169.

71. Ramseier TM: Cra and the control of carbon flux via metabolic
pathways. Res Microbiol 1996, 147:489-493.

72. Ow DSW, Nissom PM, Philp R, Oh SKW, Yap MGS: Global transcriptional
analysis of metabolic burden due to plasmid maintenance in
Escherichia coli DH5a during batch fermentation. Enzyme Microb
Technol 2006, 39:391-398.

73. Ow DSW, Lee RMY, Philp R, Nissom PM, Oh SKW, Yap MGS: Inactivating
FruR global regulator in plasmid bearing Escherichia coli alters
metabolic gene expression and improves growth rate. JBiotechnol
2007, 131:261-269.

doi: 10.1186/1475-2859-9-22

Cite this article as: Ow et al, Co-expression of Skp and FkpA chaperones
improves cell viability and alters the global expression of stress response
genes during scFvD1.3 production Microbial Cell Factories 2010, 9:22

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

* Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BioMed Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18394423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10373108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9421904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11018136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2434021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11290319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15148362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12762047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5289007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9422595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7961507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8577250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9084760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17719117


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


