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A direct expression system for the solubilized catalytic domains of NADPH-cyto-
chrome P-450 reductase (sCPR) from rat (RsCPR) and porcine (PsCPR) in Escherichia
coli cells was constructed using the expression plasmid pCWorit. PsCPR was mini-
mally expressed, whereas RsCPR was highly expressed. Replacement of the nucle-
otides encoding ThrbSerf!Sert? in PsCPR with those for Ala’*Pro%Pro®? in RsCPR
markedly increased the expression level of the protein. The local secondary struc-
tures of the mRNAs, which were predicted with the prediction program GeneBee
(http://www.genebee.msu.su), suggested that the intramolecular double strand
between the ribosome binding site (RBS) and the Thr%Serf!'Ser®2 codons in PsCPR,
and/or the base-pairing at the initiation codon of the mRNAs significantly affected
protein expression. Silent mutations were systematically introduced into the codons
for Thr’® and Thrf'Ser®! in PsCPR to modulate the local secondary structure of the
mRNA. The expression level of the silently mutated PsCPR suggests that the expres-
sion level of PsCPR depends on the stability of the local structure at the RBS in the
mRNA. A high-level expression system for wild-type PsCPR was constructed by intro-
ducing silent mutations at the codons for Thr®Serf! in PsCPR. The purified PsCPR
showed the characteristic absorption spectral changes of sCPR after reduction with
NADPH. The yield of purified PsCPR from 1 liter of culture fluid was 45.8 mg. These
results substantiate that the introduction of silent mutations in the section of the
gene encoding the N-terminal region of the protein based on the predicted local sec-
ondary structure of the mRNA at the RBS is a useful approach to control and increase
the expression level of heterologous proteins in E. coli cells.

Key words: mRNA, NADPH-cytochrome P-450 reductase, ribosome binding site, sec-
ondary structure prediction, Shine-Dalgarno sequence.

Abbreviations: RBS, ribosome binding site; CPR, NADPH-cytochrome P-450 reductase; sCPR, solubilized cata-
lytic domain of CPR; PsCPR, porcine liver sCPR; RsCPR, rat liver sCPR; Psb5R, solubilized catalytic domain of
porcine liver NADH-cytochrome b, reductase; Psb5, solubilized domain of porcine liver cytochrome b5; IPTG, iso-

propyl-p-D-thiogalactopyranoside; CBB, Coomassie Brilliant Blue R-250; bp, base pairs.

Heterologous gene expression using recombinant DNA
techniques is necessary for the identification, characteri-
zation, and in vitro studies of the biologically active forms
of proteins that are seldom prepared from natural
sources. In addition, high expression systems for heterol-
ogous genes in Escherichia coli have become increasingly
important with recent progress in comprehensive studies
of so-called “proteomes.” Although E. coli cells do not
have the same posttranscriptional modification systems
as those of eukaryotic cells, heterologous gene expression
in E. coli cells has the following advantages: (i) gene
manipulation techniques are well established in E. coli,
(i) a large amount of protein can be synthesized in a
short time, and (iii) fermentation scale up of E. coli cells
is much easier than with eukaryotic cells.

It is well known that the amount of heterogeneous pro-
teins produced by E. coli cells depends on various factors,
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such as the copy number and stability of the expression
plasmid in the cells, the synthetic level and stability of
mRNA, the efficiency of polypeptide synthesis, and the
stability of the synthesized proteins in E. coli cells (I).
Various plasmid vectors have been designed and widely
used for the high-level expression of heterologous genes
in E. coli cells. Most of these expression plasmids contain
a high-copy number origin of replication (such as ColEI),
strong promoters (such as trp, lac, tac, APy, and T7) and
the appropriate regulatory elements to synthesize large
amounts of mRNA (2, 3), and a ribosome binding site
(RBS; also known as the Shine-Dalgarno sequence) (4).
However, the levels of recombinant proteins produced in
E. coli cells depend on the individual proteins. Therefore,
various problems typically have to be overcome on a case by
case basis in order to realize high-level expression (5-9).
The specific electron transfer system on the endoplas-
mic reticulum in hepatocytes, which consists of NADH-
cytochrome b; reductase, cytochrome b;, and NADPH-
cytochrome P-450 reductase (CPR), participates in physi-
ological fatty acid synthesis, cholesterol synthesis, and
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Fig. 1. Partial nucleotide sequences of the
mRNAs from the expression plasmids for
sCPRs and the nucleotide sequence at the
3'-terminal region of E. coli 16S rRNA. Sec-
ondary structure of E. coli 16S RNA in the
region 1499-1544 and partial nucleotide se-
quences of mRNAs are shown with the deduced
amino acid residues. The plasmid that produces
the mRNA is shown at the left of the partial nu-
cleotide sequence. The amino acid numbers are
located above the amino acid sequences, and the
nucleotide numbers are below the nucleotide se-
quences. The nucleotides that are complemen-
tary between the upstream of the initiation co-
don (AUG) encoding formylmethionine (fMet) in
the mRNAs and the 3'-terminal region of E. coli
16S rRNA are shown in italics. The hypotheti-
cal RBS (AGGAGG) is boxed. The amino acid
residues and nucleotides in the mRNA from
pCRsCPR that are not conserved with those
from pCPsCPR, those from pCRsCPR-N1 and
-N2 that are identical to those in the mRNA
from pCRsCPR, and the nucleotides in mRNA
from pCPsCPR-Thr’(ACD), -NN, -C(AGY), and
pCPb5R-Sall that were silently mutated are
shown in bold letters. In the nucleotide se-
quence, D represents either A, U, or G, N repre-
sents A, U, G, or C, and Y represents U or C. The

pCPb5R &' -« GAUGC UU[AGGAGAUCAUAUGUCCACCCCGGCCAUCACCCUCGAGAAC:
-17 -10 141 +10 430
1 3
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nucleotide sequences with thin and thick under-
lining correspond to the Ndel and Sall sites in
the expression plasmids, respectively. The arrow
+27 at the bottom of the figure indicates the region of

oxidation of xenobiotic compounds. In this system, CPR
[EC 1.6.2.4] mediates the specific electron transfer from
NADPH to cytochrome P-450, cytochrome b5, microsomal
heme oxygenase, and fatty acid elongase (10). CPR is a
membrane-bound protein that contains both an FAD and
an FMN in each molecule, and shows characteristic spec-
tral changes after successive reductions with NADPH
(11). The tertiary structures of the solubilized catalytic
domains of NADH-cytochrome b; reductase, cytochrome
b5, and CPR derived from various mammalian species
have been determined by X-ray analysis (12—-16). Based
on the tertiary structures, various mutagenesis studies
addressing the specific recognition and regulation mech-
anisms of electron transfer among these proteins have
been carried out (15, 17-25). However, specific details of
the electron transfer among these proteins have not yet
been clearly elucidated. The study of physiologically rele-
vant combinations of recombinant proteins derived from
the same source is a good approach to elucidate the pre-
cise mechanism of specific intermolecular recognition
and electron transfer. Therefore, we have planned to
reconstruct an in vitro electron transfer system using
recombinant solubilized catalytic domains of these pro-
teins from a single source, porcine liver. We previously
cloned the ¢cDNAs encoding the solubilized catalytic
domains of porcine liver NADH-cytochrome b; reductase
(Psb5R) and the solubilized domain of cytochrome by
(Psb5). Both genes were highly expressed in E. coli cells
using the expression vector pCW ;* (I8, 20). Plasmid
pCW,_;* contains two tandem tac promoters and a RBS,
which is highly complementary to the 3’-end region of the
16S rRNA in the 30S subunit of E. coli (Fig. 1). Expres-

the nucleotide sequence between —14 to +27 that
was used for secondary structure prediction.

sion is under the control of the ¢l repressor (26, 27). This
plasmid has been widely used for the high-level expres-
sion of various electron transfer proteins such as cyto-
chrome P-450 17a-hydroxylase, nitric oxide synthase,
and its flavin domain (28-30).

In this study, we cloned a cDNA encoding porcine sCPR
(PsCPR) and constructed an expression plasmid for
PsCPR using pCW,;*. Interestingly, we found that the
level of PsCPR produced in E. coli cells is very low,
although that of the corresponding domain of rat CPR
(RsCPR) is very high. We demonstrate here that differ-
ences in the amino acid and/or nucleotide sequences of
the N-terminal/5’ regions between PsCPR and RsCPR
are critical for determining the accumulation levels of the
proteins. In addition, modulation of the predicted local
secondary structure at the RBS in the mRNA markedly
increased the accumulation level of the recombinant
PsCPR in E. coli cells. Finally, we discuss the usefulness
of introducing silent mutations into the part of the gene
encoding the N-terminal region of the protein based on
the local secondary structure prediction of mRNA at the
RBS for controlling the expression level of heterologous
proteins in E. coli cells.

MATERIALS AND METHODS

Materials—Enzymes for recombinant DNA technology
were from Takara and Toyobo. E. coli strain BL21 [F-
ompT hsdSy (rg"my”) gal dem] was from Novagen. Plas-
mid pCW,;* was kindly provided by Dr. F. W. Dahlquist at
the University of Oregon. Plasmid pTRF2, which con-
tains cDNA encoding rat CPR, was from Sumitomo.
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Construction of pCPsCPR—The cDNA encoding PsCPR
was amplified from the first strand ¢cDNA, previously
prepared from porcine liver (18), by PCR using the for-
ward primer 5-AGGAGGTCATATGATTGAGACCAC-
GACC-3' (primer-1), which has an Ndel site (underlined)
containing an additional initiation codon (italics), fol-
lowed by the nucleotide sequence encoding from Ile% to
Thr® of the porcine CPR gene (EMBL Data Bank acces-
sion no. L.33893), and the reverse primer 5'-CCGCCAAG-
CTTCTACTAGCTCCAGACGTC-3' (primer-2), which cor-
responds to the C-terminal tetrapeptide of the porcine
CPR, two stop codons (italics), and a HindIII site (under-
lined). Amino acid numbering starts from the acetylated
N-terminal glycine residue (31). The resultant fragment
was inserted into pCW ;* using Ndel and HindIII sites to
construct the expression plasmid pCPsCPR. The plasmid
pCPsCPR contains the nucleotide sequence encoding 622
amino acid residues from Ile5¢ to Ser®”” of porcine CPR.
The deduced amino acid sequence is identical to that pre-
viously determined by amino acid sequence analysis of
natural PsCPR (32).

Construction of pCRsCPR—The DNA fragment encod-
ing RsCPR was amplified from the gene encoding rat
CPR in the plasmid pTRF2 using the forward primer 5'-
AGGAGGTCATATGATCCAAACAACGGCC-3', which has
an Ndel site (underlined) containing an additional initia-
tion codon (italics), followed by the nucleotide sequence
encoding from Ile5¢ to Ala® of rat CPR (33), and the
reverse primer 5-CCGCCAAGCTTCTAGCTCCACAC-
ATC-3', which corresponds to the C-terminal tetrapep-
tide of rat CPR, a stop codon (italics), and a HindlIII site
(underlined). The resultant fragment was inserted into
pCW,;* using Ndel and HindIIl sites to construct
pCRsCPR.

Construction of pCPsCPR-N1 and -N2—The DNA
encoding PsCPR-N1, in which the nucleotide sequence
encoding Ile’®Glu®"Thr®® in PsCPR was replaced with
that encoding Ile’Gln®"Thr5 in RsCPR, was prepared
from the DNA template pCPsCPR by PCR using a
mutagenic forward primer 5-AGGAGGTCATATGATC-
CAAACAACGACCTCCTCCGTC-3’, which has an Ndel
site (underlined) and the nucleotide sequence encoding
[1e%GIn5"Thr®® in RsCPR (bold), and primer-2. The re-
sultant fragment was inserted into pCW ;* using Ndel
and HindIII sites to construct pCPsCPR-N1. The DNA
encoding PsCPR-N2, in which the nucleotide sequence
encoding ThrfSerf!Ser®? in PsCPR was replaced with
that encoding Ala’Pro®Pro%2 in RsCPR, was prepared
by two rounds of PCR. First, a mutated DNA fragment
was prepared from pCPsCPR using the mutagenic for-
ward primer 5'-CGGCCCCACCCGTCAAAGACAGCAG-
CTTC-3', which has the nucleotide sequence encoding
Ala%Pro%1Pro® in RsCPR (bold), and primer-2. The re-
sultant fragment was purified and reamplified with the
approximately 330 base pairs (bp) BamHI-Ndel-Pstl
fragment of pCPsCPR, the forward primer 5-CCGGATC-
CATCGATGCTTAGG-3’, which has the nucleotide se-
quence of pCW_;* containing a BamHI site (underlined)
at upstream of the Ndel site, and primer-2. The amplified
fragment was inserted into pCW_;* using BamHI and
HindlIII sites to construct pCPsCPR-N2. The entire nu-
cleotide sequences of the mutated genes were confirmed
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by nucleotide sequencing using an ABI PRISM 310 Ge-
netic Analyzer.

Silent Mutations in the PsCPR Gene—The expres-
sion plasmids pCPsCPR-Thr?8(ACA), -Thr®3(ACT), and
-Thr®¥(ACG), in which the nucleotides ACC encoding
Thr58 in pCPsCPR were silently mutated to ACA, ACT,
and ACG, respectively (Fig. 1), were constructed by PCR
from pCPsCPR using the mixed mutagenic forward
primer 5'-AGGAGGTCATATGATTGAGACDACGACCTC-
3’, which has an Ndel site (underlined) and the nucle-
otides encoding Thr® in PsCPR (bold), and primer-2. In
this case, base D is a mixture of A, G, and T. The
resultant mixture of PCR products was inserted into pC-
Wit using Ndel and HindlIII sites. E. coli BL21 cells
were transformed with the resultant mixture of plas-
mids. Transformants containing pCPsCPR-Thr?(ACC),
-Thr58(ACT), and Thr%(ACG) were identified by nucle-
otide sequence analysis of the plasmids.

The plasmids pCPsCPR-NN and -Ser®/(AGY) were con-
structed as follows. The former plasmid had silent muta-
tions encoding Thr®Serf! (ACCTCC to ACNTCN), and
the latter plasmid had silent mutations encoding SerS!
(TCC to AGY). In these nucleotide sequences, N is either
A G, C,or T, and Y is C or T. Therefore, the plasmid
pCPsCPR can be designated as pCPsCPR-CC (Fig. 1). At
first, random silent mutations were introduced into pCP-
sCPR by PCR using the random mutagenic primer 5'-
GATTGAGACCACGACNTCNTCCGTCAAAGACAGC-
3’ (primer-3), which has an identical nucleotide sequence
to the 3'-terminal region of primer-1 (bold), and primer-2.
The base N indicates a mixture of A, G, C, and T. The
resultant PCR product was extended to the 5-end by
reamplification with primer-1 and primer-2, and inserted
into pCW ;* using Ndel and HindlIII sites. E. coli BL21
cells were transformed with the mixture of the resultant
plasmids. Ten different clones were selected from 28
single colonies of transformants by nucleotide sequence
analysis of the plasmids. The plasmids pCPsCPR-AA
and -AT, -TG and -CG, -CA, -GC, -Serf{(AGC), and
-SerfY(AGT), were prepared by the same method except
for the use of mutagenic primers, in which ACNTCN in
primer-3 encoding Thr%Ser®! was replaced with
ACATCW, ACYTCG, ACCTCA, ACGTCC, ACCAGC, and
ACCAGT, respectively. The nucleotide W represents a
mixture of A and T, and the nucleotide Y is a mixture of T
and C.

Expression and Analysis of Protein Accumulation—
The sCPR genes were expressed in E. coli BL21 cells. The
cells containing the expression plasmids were cultivated
in 2x YT medium containing 50 uM ampicillin with shak-
ing at 37°C overnight, and inoculated into Luria-Bertani
(LB) medium containing 50 uM ampicillin at a ratio of 1/
200 (v/v). After cultivation with shaking for 1.5 h at 37°C,
isopropyl-B-D-thiogalactopyranoside (IPTG) was added to
a final concentration of 0.2 mM, and cultivation was con-
tinued for 8 h.

Protein accumulation in the cells was analyzed by
SDS-PAGE. Cells were harvested, dissolved in sample
buffer (50 mM Tris-HC1 (pH 6.8), 2% (w/v) SDS, 10% (w/
v) glycerol, 5% (w/v) 2-mercaptoethanol, 0.05% (w/v)
bromophenol blue, and 25 mM EDTA), and boiled for 3
min at 100°C. The whole cell extract of E. coli cells corre-
sponding to 25 pl of E. coli cell culture was electro-
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phoresed. After electrophoresis, proteins were stained
with Coomassie Brilliant Blue (CBB) R-250 (Fulka). The
accumulation level of the expressed protein was analyzed
by densitometry. The CBB-stained gel was scanned with
an EPSON scanner GT8700F. The intensity of the
expressed PsCPR band was analyzed using NIH Image
(ver. 1.6.2) by subtracting the intensity of the same posi-
tion and area of bands from E. coli BL21/pCWori* on the
same gel as a background. The whole cell extract of BL21/
pCPsCPR-TT was used as a standard, and the relative
intensity of the band of expressed PsCPR was calculated
as a ratio to the band of the standard. Western blots were
performed on nitrocellulose membranes, and translated
proteins were detected with rabbit antibodies against
natural RsCPR, which also recognize PsCPR, alkaline
phosphate-linked goat-anti rabbit antibodies (Sigma),
and the alkaline phosphatase color reaction using 5-
bromo-4-chloro-3-indolyl phosphate.

mRNA Secondary Structure Prediction—The local sec-
ondary structure of mRNA was predicted with GeneBee
(34, 35), which is a program package for biopolymer
structure analysis available on the Web (http:/
www.genebee.msu.su). The values of the cluster factor,
conserved factor, compensated factor, conservativity,
greedy parameter, and energy threshold were 2, 2, 4, 0.8,
2, and —4.0 kcal/mol, respectively.

Purification of sCPR—Wild-type RsCPR and PsCPR
were purified from E. coli BL21 cells containing
pCRsCPR (BL21/pCPsCPR) and pCPsCPR-TT (BL21/
pCPsCPR-TT), respectively. The cells, which were culti-
vated in LB medium containing 50 uM ampicillin and 0.2
mM IPTG for 16 h at 30°C, were lysed by sonication in 10
mM Tris-HC1 (pH 7.4) containing 1 mM EDTA, 5% (w/v)
glycerol, and 2 mM phenylmethylsulfonyl fluoride. The
lysate was subjected to centrifugation at 18,000 xg for 20
min, and the supernatant was applied to an anion
exchange resin (DE52) column equilibrated with 10 mM
potassium phosphate (pH 7.0) containing 1 mM EDTA
(buffer A). Proteins were eluted with a linear gradient of
sodium chloride from 0 to 0.5 M in buffer A. The fractions
containing sCPR were applied to a 2',5'-ADP Sepharose
(Pharmacia) column equilibrated with buffer A contain-
ing 0.2 M sodium chloride (buffer B). The column was
washed with buffer B, and sCPR was eluted with buffer B
containing 10 mM 2'- and 3’-AMP mixture (Sigma). Frac-
tions containing sCPR were diluted 3-fold with buffer A,
and applied to a DE52 column equilibrated with buffer A.
The column was washed with buffer A, and the absorbed
sCPR was oxidized on the column by buffer A containing
25 mM potassium ferricyanide. The oxidized sCPR was
eluted with buffer A containing 0.3 M sodium chloride,
and desalted on a Sephadex G-25 (fine) (Pharmacia) col-
umn equilibrated with 100 mM potassium phosphate (pH
7.0) containing 1 mM EDTA.

Silent Mutation in the Pb5R Gene—The gene encod-
ing Pb5R in pCPb5R (18) was mutated by PCR using the
mutagenic forward primer 5'-GGAGGTCCATATGTCGA-
CCCCTGCCATCACC-3', which has an Ndel site (under-
lined), a newly introduced Sall site (italics), and nucle-
otides for the Ser! and Pro? silent mutations (bold), and
the reverse primer 5'-CCGGATCCTCTAGAAGGCGAA-
GCAGC-3’, which corresponds to the C-terminal peptide
of Pb5R followed by a stop codon (italics) and a Xbal site
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Fig. 2. SDS-PAGE and Western blot analysis of E. coli whole
cell extracts. A: 7.5% polyacrylamide gel stained with CBB after
SDS-PAGE. Purified RsCPR (1 ng), and the whole cell extract of 50
pl of E. coli culture fluid were analyzed. Markers are SDS-PAGE
Molecular Weight Standards (Bio-Rad) including rabbit muscle
phosphorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), hen
egg ovalbumin (45.0 kDa), bovine carbonic anhydrase (31.0 kDa),
bovine pancreatic trypsin inhibitor (21.5 kDa), and hen egg lys-
ozyme (14.4 kDa). B: Nitrocellulose membrane immuno-stained
with rabbit antibodies against natural RsCPR and the alkaline
phosphatase color reaction using 5-bromo-4-chloro-3-indolyl phos-
phate. The purified RsCPR (0.1 pg) and whole cell extracts from 5 pl
of E. coli culture fluid were analyzed. In both A and B, purified
RsCPR (lane 1), whole cell extracts of E. coli BL21/pCRsCPR (lanes
2 and 3), pCPsCPR (lanes 4 and 5), pPCPsCPR-N1 (lanes 6 and 7),
and pCPsCPR-N2 (lanes 8 and 9) cultivated for 8 h in the absence
(lanes 2, 4, 6, and 8) or presence of 0.2 mM IPTG (lanes 3, 5, 7, and
9) were subject to electrophoresis. The position of the expressed
sCPRs are shown with an arrow.

(underlined). The resultant fragment was inserted into
pCW,,;* using Ndel and Xbal sites to construct pCPb5R-
Sall. The entire nucleotide sequence of the mutant gene
was confirmed by nucleotide sequencing.

RESULTS

Expression of the Wild-type RsCPR and PsCPR Genes—
The expression plasmids containing the wild-type RsCPR
gene (pCRsCPR) and the PsCPR gene (pCPsCPR) were
constructed using pCW,_;* (Fig. 1). The accumulation of
RsCPR and PsCPR in E. coli BL21 cells containing
pCRsCPR (BL21/pCRsCPR) and pCPsCPR (BL21/pCP-
sCPR) were analyzed (Fig. 2). Whole cell extracts of E.
coli BL21/pCRsCPR produced after cultivation for 8 h in
the presence of IPTG showed an obvious band at the
same position as the purified RsCPR on a SDS-PAGE gel
(Fig. 2A, lanes 1 and 3). In the presence of anti-RsCPR
antibodies, this band was markedly and specifically
immuno-stained (Fig. 2B, lane 3). These results indicate
that RsCPR is highly expressed in E. coli BL21/pCRsCPR

oJ. Biochem.
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Fig. 3. Putative partial secondary structures of mRNAs
derived from expression plasmids of wild-type and chimeric
sCPRs. The local secondary structures of mRNAs derived from
pCRsCPR (A), pCPsCPR (B), pCPsCPR-N1 (C), and pCPsCPR-N2
(D) were predicted with the program GeneBee (34, 35). Nucleotides
complementary with the 3'-terminal region of 16S rRNA are shown
in italics. The hypothetical RBS (AGGAGG) and initiation codon
(AUG) are boxed. In A, C, and D, nucleotides that differ from the
corresponding nucleotides in the mRNA derived from pCPsCPR (B)
are in bold letters. The names of the plasmids producing the
mRNAs and their predicted overall stabilities (AG) are shown under
the secondary structures. The values beside the stems are the sta-
bilities of the stems (kcal/mol).

cells. Extracts of E. coli BL21/pCRsCPR cells cultivated
in the absence of IPTG did not show an obvious RsCPR
band on the CBB-stained gel (Fig. 2A, lane 2), but showed
an obvious immuno-stained band (Fig. 2B, lane 2). This
indicates that a low level of RSCPR protein accumulates
in uninduced cultures. Whole cell extracts of E. coli
BL21/pCPsCPR did not show an obvious band at the
same position as purified RsCPR on the SDS-PAGE gel
after cultivation either in the presence or absence of
IPTG (Fig. 2A, lanes 4 and 5). However, cells cultivated in
the presence of IPTG showed a thin immuno-stained
band at a position similar to that of purified RsCPR (Fig.
2B, lane 5). This result indicates that a very low level of
PsCPR accumulated in induced cells.

Expression of the PsCPR-N1and PsCPR-N2 Genes—In
order to analyze whether or not the differences in the
nucleotides encoding the N-terminal regions of PsCPR
and RsCPR contribute to the accumulation of protein in
E. coli cells, plasmids expressing chimeric PsCPR mutants,
pCPsCPR-N1 and pCPsCPR-N2, were constructed (Fig.
1). Whole cell extracts of E. coli cells containing pCP-
sCPR-N1 (BL21/pCPsCPR-N1) showed no obvious band
at the same position as that of purified RsCPR on the
SDS-PAGE gel after cultivation either with or without
IPTG (Fig. 2A, lanes 6 and 7). However, a thin band was
detected by Western blot analysis of whole cell extracts
after cultivation in the presence of IPTG (Fig. 2B, lane 7).
This indicates that the accumulation level of PsCPR-N1
in E. coli cells was as low as that of the PsCPR from
pCPsCPR. However, E. coli cells containing pCPsCPR-N2
(BL21/pCPsCPR-N2) showed an obvious band on the
SDS-PAGE gel at the same position as that of the RsCPR
after cultivation both in the presence and absence of
IPTG (Fig. 2A, lanes 8 and 9). These bands were also
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Fig. 4. Putative partial secondary structures of the silently
mutated mRNAs at the Thr’® codon in PsCPR and their cor-
responding protein expressions. Protein expression of wild-type
PsCPR and the local secondary structures of mRNAs derived from
pCPsCPR-Thr’8(ACA) (A), -Thr’8(ACT) (B), and -Thr*8(ACG) (C). In
the secondary structures, nucleotides that are complementary to
the 3'-terminal region of the 16S rRNA are shown in italics. The
hypothetical RBS (AGGAGG) and the initiation codon (AUG) are
boxed. Nucleotides at the substituted positions are in bold letters.
The names of the plasmids that produce the mRNAs and their pre-
dicted overall stabilities (AG) are shown under the secondary struc-
tures. The values beside the stems are the stabilities of the stems
(kcal/mol). CBB-stained 7.5% polyacrylamide gels loaded with
whole cell extracts of E. coli cells cultivated for 8 h in the presence
of 0.2 mM IPTG are shown to the right of the secondary structure.
The E. coli whole cell extract from 25 pul culture fluid was analyzed.
The arrows indicate the position of the PsCPR band.

detected by Western blot analysis (Fig. 2B, lanes 8 and 9).
These results indicate that differences between the amino
acid and/or the corresponding nucleotide sequences of
ThrSerf!Ser2 (ACCUCCUCC) in PsCPR and those of
Ala®Pro%1Prof2 (GCCCCACCC) in RsCPR are critical to
protein accumulation.

Secondary Structure Predictions of the mRNAs for the
Wild-type and Chimeric sCPRs—The local secondary
structures of the mRNAs derived from pCRsCPR, pCP-
sCPR, pCPsCPR-N1, and pCPsCPR-N2 at the region
shown in Figure 1 were predicted (Fig. 3). In the second-
ary structure of the mRNA derived from pCRsCPR,
which resulted in a high-level of accumulation of RsCPR,
the initiation codon (AUG) is unpaired in the loop, and
the nucleotides in the hypothetical RBS (AGGAGG at
position —10 to —5) form 3 base pairs with the UCC encod-
ing the N-terminal region of RsCPR (Fig. 3A). In the sec-
ondary structure of the mRNA from pCPsCPR, which
resulted in the accumulation of very little PsCPR, the ini-
tiation codon is base-paired with the CA in the Thr?8Thr5°
codons, and the hypothetical RBS was in a long double
strand. This double strand is composed of both the
AGGAGGUC containing the RBS and the GACCUCCU
in the codons for Thr®*ThrfSert1Sert? in PsCPR (Fig. 3B).
The overall local secondary structure of the mRNA from
pCPsCPR-N1 is similar to that from pCPsCPR, although
slight structural differences are observed at the region
from the second nucleotide (U) in the initiation codon to
the first nucleotide (A) in the Thr® codon (Fig. 3C). The
long continuous double strand made of the AGGAGGUC
is identical to that of pCPsCPR. The predicted secondary
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structure of the mRNA from pCPsCPR-N2, which caused
high-level accumulation of the protein, is different from
those of the mRNAs from the other three plasmids
(Fig. 3D). The initiation codon is unpaired in the loop,
and the two GGs in the hypothetical RBS form short
double strands with a bulge of the ACGGCC encoding
ThrAla%®. These structures indicate that the intramo-
lecular complementations between the RBS and the
nucleotide sequences encoding the N-terminal region of
the protein in the mRNAs from pCPsCPR and pCPsCPR-
N1 are higher than those of the mRNAs from pCRsCPR
and pCPsCPR-N2. It was concluded that the secondary
structure at the RBS and/or the initiation codon in the
mRNA have a significant effect on protein synthesis, and

tiation codon (AUG) are boxed. Nucleotides at the substitution
point are shown in bold letters. The name of the plasmid that
produced the mRNA and the predicted overall stability (AG)
are shown under the secondary structure. The values beside
the stems are the stabilities of the stems (kcal/mol).

that the unpaired loop-out of the initiation codon and/or
the destruction of the long stem containing the RBS in
the mRNA from pCPsCPR-N2 cause the high-level accu-
mulation of PsCPR-N2 in E. coli.

Expression of the PsCPR Genes Containing Silent Muta-
tions at Thr’>—In order to analyze the effect of base-pair-
ing at the initiation codon on the accumulation level of
PsCPR, the expression plasmids pCPsCPR-Thr?3(ACA),
-Thr58(ACT), and -Thr5(ACG) were constructed (Fig. 1).
The predicted local secondary structure of the mRNA from
pCPsCPR-Thr’8(ACA) is similar to that of pCPsCPR-N1
(Fig. 3C), and the base-pairing of UG in the initiation
codon is maintained (Fig. 4A). The initiation codon in the
mRNA from pCPsCPR-Thr®3(ACT) forms only one A-U

J. Biochem.
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Table 1. Accumulation levels of PsCPR and overall stabilities of the predicted second-
ary structures of the silently mutated mRNAs of PsCPR.

Plasmid Codon? Accumulation® (%) AG¢ (kcal/mol)
Thr58 ThrfSer6!

pCPsCPR ACC ACCUCC 4 -10.8

pCPsCPR-Thr58 (ACA) -—-A @ - 4 -10.5
-Thr% (ACT) I ——— 14 -10.8
-Thr’ (ACG) -G 12 -9.2
-AA — —-A—-A 75 -11
-AT — —-A--U 94 -1.1
-AG — --A—-G 73 -6.1
-AC - ——A-—— 58 -6.6
-TA ——= —--U--A 97 -1.1
-TT — -—U--U 100 -11
-TC — ——U--—- 80 6.6
TG — --U--G 75 -6.1
-GA — -—G--A 91 4.9
-GT -—- --G--U 81 -4.9
-GG — -GG 87 -6.1
-GC - ——G-——- 48 -85
-CA -— = A 11 -6.5
-CT —_— U 29 -6.1
-CG —_— G 29 6.5
-cC —_— 1 -10.8
-Serf! (AGT) -— -—-AGU 64 -6.2
-Serf! (AGC) - —--AG—— 58 —4.3

2Codon in the mRNA from the plasmid indicated in the left column. Bar (-) represents nucle-
otides identical to those in the mRNA from pCPsCPR. PAccumulation level of PsCPR in E. coli
cells relative to the expression level in BL21/pCPsCPR-TT cells, as estimated from the CBB-
stained gel after SDS-PAGE. Errors in the densitometry determined for the band of PsCPR in
BL21/pCPsCPR-TT cells were within 5% (£S.E. of three measurements). ‘Overall stability of
the predicted local secondary structures shown in Figs. 4 and 5.

base pair (Fig. 4B). In the mRNA from pCPsCPR-
Thr®®(ACG), the initiation codon is unpaired in the loop
(Fig. 4C). In these three structures, the long double
stranded stem, which is made of AGGAGGUC, is identi-
cal to that from pCPsCPR.

Extracts of IPTG-induced E. coli cells containing
pCsCPR-Thr’8(ACA) [BL21/pCPsCPR-Thr%¥(ACA)], -Thr58
(ACT) [BL21/pCPsCPR-Thr%ACT)], and -Thr’%(ACG) [BL21/
pCPsCPR-Thr%(ACG)], showed very faint bands on the
SDS-PAGE gel at a position corresponding to purified
PsCPR (Fig. 4). The accumulation levels of PsCPR in
these cells as estimated from the intensity of the bands
are similar to that in BL21/pCPsCPR cells (Table 1).
These results indicate that the silent mutations in the
Thr® codon, which were predicted to affect the base-pair-
ing of the initiation codon, are not critical to the accumu-
lation level of PsCPR.

Expression of the PsCPR Genes Containing Silent Muta-
tions at Thrf9Serfl—In order to compare the contribution
of the intramolecular double strand composed of
AGGAGGUC in the mRNA to the accumulation level of
the PsCPR in E. coli cells, plasmids pCPsCPR-NN and -
Sert1(AGY) were constructed (Fig. 1). The PsCPR band on
the SDS-PAGE gels and the relative accumulation levels
of PsCPR in the cells containing these plasmids are
shown in Fig. 5 and Table 1, respectively. The accumula-
tion levels of PsCPR in E. coli BL21/pCPsCPR-AT, -TA,
and -TT cells were very high, while those in E. coli BL21/
pCPsCPR-CA, -CT, -CG, and -CC cells were less than 30%
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of that in BL21/pCPsCPR-TT cells. In the other cells, the
accumulation levels varied from 48 to 91% of that in
BL21/pCPsCPR-TT cells. These results indicate that the
introduction of the silent mutations into the Thrf0Ser!
codons is effective in changing the accumulation level of
PsCPR.

Secondary Structures of the Silently Mutated mRNAs—
The shapes of the predicted local secondary structures of
mRNAs derived from pCPsCPR-CA, -CT, and -CG (Fig. 5
M-0) are similar to that of the mRNA from pCPsCPR,
which can be designated as pCPsCPR-CC (Fig. 5P). In
these three secondary structures, the base-pairing of the
initiation codon and the 6 bp of continuous double strand
containing GAGGUC are conserved, although the base
pairs at the AG in the hypothetical RBS are eliminated
due to the silent mutations at the Ser®! codon. In con-
trast, the shapes of the predicted secondary structures
from the other plasmids are markedly changed (Fig. 5 A—
L, Q, and R). In these secondary structures, the initiation
codon is unpaired in the loop, and the continuous long
double strand containing the AGGAGGUC shown in that
of pCPsCPR-CC is shortened or divided by the bulge
structure. These results suggest that the modulation of
the intramolecular continuous double strand made of the
AGGAGGUC, which contains the hypothetical RBS, sig-
nificantly affects the accumulation level of PsCPR in E.
coli cells.

Purification and Spectral Properties of PsCPR—Wild-
type PsCPR was purified to homogeneity from the soluble
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Fig. 6. Absorption spectra and SDS-PAGE of the purified
PsCPR. Absorption spectra were measured after the sequential
addition of 30 uM NADPH (broken line), 1 mM NADPH (dotted
line), and an excess amount of sodium dithionite to the oxidized
form of purified PsCPR (solid line) in 100 mM potassium phosphate
(pH 7.0) containing 1 mM EDTA under aerobic conditions at 25°C.
The protein concentration was 20 pM. Inset is the 10% polyacryla-
mide gel stained with CBB after SDS-PAGE. One microgram of
PsCPR purified from E. coli BL21/pCPsCPR-TT cells (lane 2) was
subjected to electrophoresis with SDS-PAGE Molecular Weight
Standards (Bio-Rad) (lane 1).

fraction of E. coli BL21/pCPsCPR-TT cells (Fig. 6, inset).
The yield of purified PsCPR from 1 liter of culture fluid
was 45.8 mg. The absorption spectra of the oxidized
PsCPR and the spectral changes caused by the addition
of NADPH are shown in Fig. 6. The oxidized PsCPR had
absorption peaks at 380 nm and 455 nm with a shoulder
at approximately 480 nm. After the addition of 30 uM
NADPH, the air-stable semiquinone, which showed a
broad peak at 585 nm and a shoulder at approximately
625 nm, was observed. The air-stable semiquinone, which
was not completely reduced by excess NADPH, was com-
pletely reduced by excess sodium dithionite. These spec-
tral changes in purified PsCPR are characteristic of CPR
(36-38).

Expression of the Psb5R Genes Containing Silent Muta-
tions at Ser! and Pro>—The plasmid pCPb5R (18), which
is a derivative of pPCW ;* (Fig. 1), highly expresses Psb5R
after induction with IPTG (Fig. 7C, lanes 1 and 2). In the
predicted local secondary structure of the mRNA from
the plasmid pCPb5R, the initiation codon is base-paired,
and the GAGG in the hypothetical RBS and CU forms
base pairs (Fig. 7A). We found that the silent mutations
converting UCC to UCG at the Ser! codon and CCC to
CCU at the Pro® codon made the predicted local second-
ary structure at the RBS in mRNA much more stable.
The expression plasmid for Psb5R containing these silent
mutations was named pCPb5R-Sall (Fig. 1). In the pre-
dicted secondary structure of the mRNA from pCPb5R-
Sall, the initiation codon is unpaired, and the 7 bp of long
stem contains base-paired AGG and GG and an unpaired
A in the RBS (Fig. 7B). E. coli BL21 cells containing
pCPb5R-Sall showed only a weak Psb5R band after
induction with IPTG (Fig. 7C, lane 3). This indicates that
the silent mutations employed here significantly
decrease the accumulation level of Psb5R in E. coli cells.

S. Kimura and T. Iyanagi
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Fig. 7. Putative partial secondary structures of the mRNAs
for Psb5R and their corresponding protein expressions. The
local secondary structures of mRNAs derived from pCPb5R (A) and
pCPb5R-Sall (B), and a 12% polyacrylamide gel stained with CBB
after SDS-PAGE (C). The representations of A and B are the same
as those in the legend to Fig. 4. In C, whole cell extracts of E. coli
BL21/pCPb5R (lanes 1 and 2), and pCPb5R-Sall (lane 3) that were
cultivated for 8 h in the absence (lane 1) and presence of 0.2 mM
IPTG (lanes 2 and 3) were subjected to electrophoresis with SDS-
PAGE Molecular Weight Standards (Bio-Rad). The arrow shows the
position of the Psb5R band.

DISCUSSION

In this study, we cloned and expressed the cDNA encod-
ing PsCPR in E. coli cells using pCW,;*. The accumula-
tion level of PSCPR in E. coli BL21/pCPsCPR cells was
very low, while that of RsCPR in BL21/pCRsCPR cells
was very high (Fig. 2). The observed expression of the chi-
meric proteins PsCPR-N1 and -N2 suggests that the dif-
ferences between the amino acid and/or corresponding
nucleotide sequences of Thr®Serf!Ser®? in PsCPR and
those of Ala®"Pro®1Pro%2 in RsCPR are critical to protein
accumulation (Fig. 2). We have been successful in
expressing wild-type PsCPR at high levels by introducing
silent mutations at the Thr®Serf! codons. Purified
PsCPR from E. coli BL21/pCPsCPR-TT showed spectral
changes characteristic of sCPR (Fig. 7). This high-level
PsCPR expression system is expected to be useful for
analyzing the electron transfer system in porcine liver.

It is well known that the expression of heterologous
proteins in E. coli cells is dependent on a number of fac-
tors at both the transcriptional and translational levels,
and on the stability of the synthesized protein against
proteolysis in cells. Since the silently mutated PsCPR
genes encode the same protein, the accumulation level of
the silently mutated PsCPR does not depend on the sta-
bility of the synthesized protein. The strong tandem tac
promoters in pCW_;* produce high amounts of mRNA,
and some heterologous proteins are highly expressed
even in the absence of IPTG. For example, we have
observed that Psb5 was highly expressed in the absence
of IPTG using pCPb5 (20), which is a derivative of
pCW,;* (data not shown). This is probably due to a short-
age of the repressor in E. coli cells. The expression of
PsCPR-N2 in the absence of IPTG (Fig. 2) may also be
due to the same factor. Therefore, it was concluded that
transcription of the PsCPR genes is not the rate-limiting
step of protein synthesis and that the variations in the

oJ. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

High-Level Expression of Porcine P-450 Reductase

Relative accumulation of PSCPR (%)

AG (kcal/mol)

Fig. 8. Quantitative relationship between the relative accu-
mulation of PsCPR and the overall local stability of the
mRNA. The relative accumulation levels of PsCPR were plotted
against the overall local secondary structure stabilities (AG) with
the name of the corresponding plasmid, from which pCPsCPR- is
omitted. The plots are classified into groups 1-4 (surrounded by
solid lines) based on the plotted area and the shape of the predicted
secondary structure of the mRNA.

accumulation of the silently mutated PsCPR presented
here are due to differences at the translational level.

The predicted local secondary structures of the mRNAs
from pCRsCPR, pCPsCPR, -N1, and -N2 suggest that the
secondary structure at the initiation codon and/or the
RBS in the mRNA significantly affect protein accumula-
tion in E. coli cells. The importance of base pairing at the
initiation codon in determining efficient translation has
been pointed out (39, 40). However, the silent mutations
at the Thr® codon in PsCPR, which modulates base-pair-
ing at the initiation codon without changing the long
stem containing AGGAGGUC, hardly changed the
expression level of the protein (Fig. 4). The expression
levels of PsCPR in E. coli BL21/pCPsCPR-CT and -CG
cells were higher than that in BL21/pCPsCPR cells,
although the base-pairing of the initiation codon in the
mRNA was not changed by the silent mutations (Fig. 5
N-P). In the case of Psb5R expression, the silent muta-
tion at the Ser! and Pro? codons in Psb5R, which elimi-
nate the base pairs at the initiation codon, decreased the
expression of PsCPR (Fig. 7). It is concluded that the local
secondary structure at the RBS rather than base-pairing
at the initiation codon is critical for determining the
expression. This conclusion is consistent with the sugges-
tion by de Smit and van Durin (41) that the stability of
the secondary structure at the RBS is important for the
control of translation in E. coli cells, whether or not the
initiation codon itself is base-paired. It is well known
that the 3'-terminal region of the 16S rRNA complemen-
tarily recognizes the RBS in mRNA in the initial stage of
translation in E. coli cells. This recognition is necessary
for the construction of the ribosome particle on the
mRNA molecule. Therefore, the formation of a stable
intramolecular secondary structure at the RBS in mRNA
can disturb the complementary recognition by 16S rRNA,
resulting in a decrease in the expression level of the pro-
tein (7, 41—43). In the case of pCPsCPR, the stable double
strand containing the AGGAGG at the hypothetical RBS
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probably resulted in the significant decrease in the accu-
mulation level of PsCPR. Etchegaray and Inouye (44)
demonstrated that the downstream box, which is comple-
mentary to bases 1469-1483 in the E. coli 16S rRNA (45,
46), also plays a major role in the enhancement of trans-
lation initiation in concert with the Shine-Dalgarno
sequence. However, the nucleotide sequence of the down-
stream box was not found in the mRNAs presented here.

The calculated stabilities (AG) of the overall local sec-
ondary structures of the silently mutated mRNAs encod-
ing PsCPR varied from —1.1 to —10.8 kcal/mol (Table 1).
de Smit and van Durin (41) reported that the efficiency of
translation is determined by the overall stability of the
structure at the RBS based on the quantitative analysis
of the secondary structure of the mRNA and expression
levels of the coat-protein gene from bacteriophage MS2
(43), the lamB gene of E. coli (47), human somatomedin-
C gene (48), the mom gene of bacteriophage Mu (49, 50),
and the transposase gene encoded by the IS50 insertion
sequence in E. coli cells (51). The correlation between the
overall stabilities and accumulation levels of PsCPR is
shown in Fig. 8. Indeed, it seems that the accumulation
levels roughly depend on the overall local stability of the
mRNA. However, it is noted that the mRNAs can be
classified into 4 groups based on the plotted area in Fig. 8
and the shapes of the predicted secondary structures of
the mRNA as follows. The first group (group 1) includes
the mRNAs from pCPsCPR-CC, -Thr®%(ACA), -Thr®
(ACT), and -Thr’¥(ACG). In this group, the entire hypo-
thetical RBS (AGGAGG) is involved in a continuous dou-
ble strand made of AGGAGGUC (Figs. 4 and 5P). The cal-
culated local stability of the double strand is —16.4 kcal/
mol. The second group (group 2) includes the mRNAs
from pCPsCPR-CA, -CT, and -CG. In this group, the 5'-
terminal AG in the RBS is unpaired and the remaining
bases (GAGG) are involved in a continuous double strand
made of GAGGUC (Fig. 5 M—0O). The local stability of
this continuous double strand is —13.2 kcal/mol, which is
more unstable than that in group 1. The accumulation
levels of PsCPR from the mRNAs in group 2 are similar
to those in group 1. The third group (group 3) includes
the mRNAs from pCPsCPR-AG, -AC, -TG, -TC, -GA,
-GT, -GG, -GC, -Serf! (AGT), and -Ser®(AGT) (Fig. 5 C, D,
G, H, I-L, Q, and R), and the last group (group 4)
includes the mRNAs from pCPsCPR-AA, -AT, -TA, and
-TT (Fig. 5 A, B, E, and F). In groups 3 and 4, the contin-
uous double strand containing the RBS in the mRNA,
which was predicted in group 1, is shortened and/or
divided by the additional stem and loop structure, and
the accumulation levels are higher than those of groups 1
and 2. In the mRNAs of group 1, the overall stabilities of
the predicted secondary structures are —1.1 kcal/mol,
more than 3 kcal/mol less stable than those in group 3.
These results suggest that the accumulation level of
PsCPR depends on the stability of the continuous double
strand structure at the RBS rather than the predicted
overall stability calculated here.

It is of interest that the expression level of PsCPR in E.
coli BL21/pCPsCPR-GC was obviously lower than in
BL21/pCPsCPR-AC and -TC, although the shapes of the
predicted local secondary structures of the mRNAs are
very similar (Fig. 5 D, H, and L). In the mRNA from
pCPsCPR-GC, there is an additional G-C pair between
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the second base (C) in the Thr® codon and the third base
(G) in the Thrf® codon in the stem of the bulge, which is
inserted into the double strand containing the GAG-
GCUA (Fig. 5L). This additional G-C pair may affect the
expression level of PsCPR. The local stabilization effect of
this G-C pair is approximately 2 kcal/mol, a value large
enough to change the expression level, because de Smit
and van Durin (41, 43) demonstrated that protein expres-
sion levels decrease approximately 10-fold for each —1.5
kcal/mol.

In this study, we have not only increased the expres-
sion of PsCPR but also decreased the expression level of
Psb5R by designing silent mutations based on mRNA
secondary structure predictions (Figs. 5 and 7). The mod-
ulation of the intramolecular local secondary structure at
the RBS in an mRNA is a useful approach to control the
expression level of proteins. This approach was effective
when using an expression plasmid such as pCW,;*, which
contains strong promoters. The control of protein expres-
sion may be useful for constructing high-level coexpres-
sion systems for cofactor proteins, such as the coexpres-
sion of inducible nitric oxide synthase with calmodulin
(52), by modulating expression levels of the individual
proteins.

The use of local secondary structure prediction at the
region containing the RBS in an mRNA is very helpful for
selecting candidate bases for mutation. The predicted
local secondary structures of the mRNA from pCPsCPR
depend on the length and position of the nucleotide
sequences used for the prediction. The secondary struc-
ture prediction of the mRNA from pCPsCPR using the
nucleotide sequences from —12 to +24 and from —26 to
+51 showed a continuous double stranded structure com-
posed of AGGAGGUC (identical to that shown in Fig.
3B), although the overall secondary structures were
changed (data not shown). These results suggest that the
continuous local double strand at the RBS, which
decreased the expression level of the protein, was accu-
rately predicted with the prediction program employed
here.

In conclusion, we have constructed a high-level expres-
sion system for PsCPR by modulating the predicted local
secondary structure of the RBS. The expression level of
PsCPR depended on the local stability of the secondary
structure of the mRNA at the RBS rather than the over-
all local stabilities of the predicted secondary structure.
The data presented here demonstrate that the introduc-
tion of silent mutations based on the predicted local sec-
ondary structure at the RBS in mRNA is a useful
approach to control and increase the expression level of
heterologous proteins in E. coli cells.
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