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Due to its high degree of sequence specificity, the
catalytic domain of the nuclear inclusion protease
from tobacco etch virus (TEV protease) is a useful
reagent for cleaving genetically engineered fusion pro-
teins. However, the overproduction of TEV protease in
Escherichia coli has been hampered in the past by low
yield and poor solubility. Here we demonstrate that the
low yield can be attributed to the presence of arginine
codons in the TEV protease coding sequence that are
rarely used in E. coli and specifically to a tandem pair
of AGA codons. The yield of protease can be improved
by replacing these rare arginine codons with synony-
mous ones or by increasing the supply of cognate tRNA
that is available to the cell. Furthermore, we show that
when ribosomes become stalled at rare arginine
codons in the TEV protease mRNA, the nascent poly-

peptides are targeted for proteolytic degradation in

the supply of cognate tRNA (argU ) in the cells caused
the protease to accumulate to a very high level. Addi-
tional experiments were performed to investigate what
BL21(DE3) cells by a mechanism that does not involve
tmRNA-mediated peptide tagging. q 2002 Elsevier Science

(USA)

Affinity tags can facilitate the purification, increase

the yield, and even improve the solubility of recombi-
nant proteins (1–5). In the end, however, it is usually
desirable to remove the tag from the target protein, and
it is this step in the process that has proven to be the
Achilles heel of the fusion approach. The main problem
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is specificity. Affinity tags are usually removed by site-
specific proteolysis at a designed site, using factor Xa,
enteropeptidase (enterokinase), or thrombin. However,
all of these proteases have been observed to cleave fu-
sion proteins at locations other than the intended site
(e.g., 6–11). An alternative reagent for removing affin-
ity tags that shows considerable promise is TEV2 prote-
ase, the catalytic domain of the nuclear inclusion prote-
ase from tobacco etch virus (12). In contrast to factor
Xa, thrombin, and enteropeptidase, no instances of
cleavage by TEV protease at noncanonical sites in fu-
sion proteins have been reported.

Although two procedures for overproducing the TEV
protease catalytic domain in Escherichia coli have been
described, the yield of active enzyme was relatively low
(1–10 mg per liter of cells) in both cases (13, 14). In the
present study, we examined the influence of codon bias
on the production of TEV protease in E. coli BL21(DE3)
cells. A pair of tandem AGA codons in the TEV protease
mRNA was shown to be responsible for the low yield
of protease. Altering these codons to CGC or increasing
happens to nascent polypeptides when ribosomes be-
come stalled at rare arginine codons within the TEV

2 Abbreviations used: CAT, chloramphenicol acetyltransferase;
MBP, E. coli maltose-binding protein; PCR, polymerase chain reac-
tion; TEV, tobacco etch virus; SDS–PAGE, sodium dodecyl sulfate–
polyacrylamide gel electrophoresis; ssrA, gene encoding tmRNA in
E. coli; LB, Luria–Bertani; DIG, digoxigenin; EOP, equivalent to a
plating efficiency; IPTG, isopropyl b -D-thiogalactopyranoside.
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protease mRNA. The results suggest that pausing at
rare arginine codons triggers the processive degrada-
tion of partially synthesized polypeptides by a mecha-
nism that does not depend on tmRNA.

MATERIALS AND METHODS

Bacterial Strains

E. coli BL21(DE3) cells (15) were obtained from Nova-
gen (Madison, WI). X90(DE3) cells were described pre-
viously (10). X90ssrA::CAT cells were obtained from
Dr. R. Sauer (MIT). BL21(DE3)ssrA::CAT cells were
constructed by P1 transduction as described (16). E.
coli SG1146a, a clpP2 derivative of BL21(DE3), was
obtained from Dr. S. Gottesman (NCI).

TEV Protease Expression Vectors

pRK508 and pDW484 were described previously (17).
pDW533, which produces wild-type E. coli maltose-
binding protein without its N-terminal signal peptide,
has also been described (18). pDC952 (19) was obtained
from Dr. J. Walker (University of Texas). pACYC184
was obtained from New England Biolabs, Inc. (Beverly,
MA). The following oligodeoxyribonucleotide primers
were used to construct the remainder of the TEV prote-
ase expression vectors used in this study: PE-29, 58-
GAT GAA GCC CTG AAA GAC GCG CAG-38; PE-30,
58-GCA AGG CGA TTA AGT TGG GTA ACG C-38; PE-
398, 58-GTC CTG GAT CCT CAT TAA AAC AAG TGC
TTG TTT GTA ATG ATG-38; PE-404, 58-CCT CCC ATC
GAT GAG GTG TTG TTG-38; PE-408, 58-CCC TCG AAG
ACG GAG CTG GAT CCA TTA TTG CGA GTA GAC
TAA TTC-38; PE-409, 58-CAA CAA CAC CTC ATC GAT
GGG AGG GAC-38; PE-410, 58-AAG CAC TTG TTT
CGC CGC AAT AAT GGA ACA CTG-38; PE-411, 58-
TGT TCC ATT ATT GCG GCG AAA CAA GTG CTT
GTT TG-38; PE-412, 58-CTC ATC GAT GGG CGC GAC
ATG ATA ATT-38; PE-413, 58-AAT TAT CAT GTC GCG
CCC ATC GAT GAG-38; PE-414, 58-CTG AAA TTT CGC
GAG CCA CAA CGC GAA GAG CGC-38; PE-415, 58-
GCG CTC TTC GCG TTG TGG CTC GCG AAA TTT
CAG-38; PE-416, 58-TTA GTA TCA ACT CGC GAT GGG
TTC ATT-38; PE-417, 58-AAT GAA CCC ATC GCG AGT
TGA TAC TAA-38; PE-770, 58-CCT CAT CGA TGG GAG
GAA CAT GAT AAT TAT TCG-38; and PE-771, 58-CGA
ATA ATT ATC ATG TTC CTC CCA TC-38. The expres-
sion vector encoding the wild-type MBP–TEV protease
fusion protein (pRK688) and its derivatives (pRK689-
693) were constructed by overlap extension PCR (20).

To construct pRK688, first pDW484 was used as the
template for two separate PCR reactions, one with
primers PE-29 and PE-404 and the other with primers
PE-408 and PE-409. These two PCR amplicons then
were combined and used as the template for another
N, AND WAUGH

PCR reaction, this time using primers PE-29 and PE-
408. The PCR amplicon was digested with SacI and
BbsI and then ligated with the SacI/HindIII vector
backbone of pMal-C2 (New England Biolabs, Inc.) to
create pRK688. This expression vector contains unique
SacI, HindIII, ClaI, SphI, SpeI, XmnI, and BamHI re-
striction sites within and adjacent to the TEV protease
coding sequence (Fig. 1B). To construct pRK689,
pRK688 was used as the template for two separate PCR
reactions, one with primers PE-29 and PE-411 and the
other with PE-410 and PE-30. The two PCR amplicons
were combined and used as the template for a third
PCR reaction, this time with primers PE-29 and PE-
30. The resulting PCR amplicon was digested with SacI
and ClaI and then ligated with the SacI/ClaI vector
backbone fragment of pRK688 to create pRK689. A sim-
ilar strategy was used to construct pRK690. Two PCR
reactions were performed with pRK688 as the template,
one with primers PE-29 and PE-413 and the other with
primers PE-412 and PE-30. The two amplicons were
combined and used as the template for a third PCR
reaction with primers PE-29 and PE-30. The amplicon
was digested with HindIII and SpeI and then ligated
with the HindIII/SpeI vector backbone fragment of
pRK688 to create pRK690. The same strategy was used
to construct pRK691, except that primers PE-415 and
PE-414 were used instead of primers PE-413 and PE-
412, respectively. To construct pRK692, two PCR reac-
tions were performed with pRK688 as the template,
one with primers PE-29 and PE-417 and the other with
primers PE-416 and PE-30. The two amplicons were
combined and used as the template for another PCR
reaction with primers PE-29 and PE-30. The amplicon
was digested with SpeI and BamHI and then ligated
with the SpeI/BamHI vector backbone fragment of
pRK688 to create pRK692. To construct pRK693, two
separate PCR reactions were performed using different
templates. In one reaction, pRK690 was the template
and the primers were PE-29 and PE-415. In the other
reaction, pRK692 was the template and PE-414 and
PE-30 were the primers. The two amplicons from these
PCR reactions were combined and used as the template
for a third PCR reaction, this time using PE-29 and
PE-30 as primers. This PCR product was digested with
ClaI and XmnI and then ligated with the ClaI/XmnI
vector backbone fragment of pRK689 to create pRK693.
pRK685 was constructed by amplifying the TEV prote-
ase open reading frame from pDW484 with primers PE-
29 and PE-398, cleaving the PCR amplicon with SacI
and BamHI, and then ligating it with the SacI/BamHI
vector backbone fragment of pMal-C2. To construct

pRK1033, first two PCR reactions were performed us-
ing pRK508 as the template. In one reaction the primers
were PE-29 and PE-771, while in the other reaction
they were PE-770 and PE-30. These PCR amplicons
were combined and used as the template for a third
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PCR reaction, this time using primers PE-29 and PE-
30. This PCR amplicon was digested with SacI and
BamHI and then ligated with the SacI/BamHI vector
backbone fragment of pRK508 to create pRK1033. The
nucleotide sequences of all the MBP-TEV protease ex-
pression vectors (Fig. 1) were confirmed experimentally.
tmRNA Plasmid

The ssrA gene and flanking regulatory sequences
were amplified from X90 genomic DNA by PCR using
primers PE-206 (58-TAT TAT GAC GTC AGG CTA CAT
GGG TGC TAA ATC-38) and PE-207 (58-TAT TAT ATC
EV protease fusion protein. The specific codon replacements in each
e TEV protease coding sequence, some of which were engineered by
catalytically inactive MBP–TEV protease fusion proteins. pRK508
a single amino acid substitution at position 81 (Asp to Asn) that

GAT CTT CGC GGG ACA AAT TGA GGG CAC-38). The
amplicon was digested with AatII and ClaI and then
ligated with the AatII/ClaI vector backbone of the low
copy number plasmid pZS*24-MCS1 (21) to create
pRK593.

Protein Expression and SDS–PAGE
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pRK689 CGCCGC AGG AGA AGG AGA
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pRK692 AGAAGA AGG AGA AGG CGC

pRK693 CGCCGC CGC CGC CGC CGC

pRK685 TAATGA
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FIG. 1. Schematic representations of the MBP–TEV protease expression vectors used in this study. (A) Amino acid sequences (in single
Cells from single colonies were grown to saturation
in LB broth (22) supplemented with the appropriate
antibiotics (100 mg/ml ampicillin and/or 30 mg/ml chlor-
amphenicol) at 378C. These cultures were diluted 100-
fold in the same medium and grown to early log phase
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and the mixture was spread on an LB plate and incu-

protein from an equivalent number of cells were resolved by SDS–
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(A600 5 0.3–0.5) at 378C, at which time IPTG was added
to a final concentration of 1 mM. After 3 h of shaking
at 378C, the cells from 10 ml of each culture were recov-
ered by centrifugation and resuspended in 1 ml of 20
mM Tris–HCl (pH 7.6), 1 mM EDTA. The cell suspen-
sions were sonicated to induce lysis. Aliquots of the
sonicated cell suspensions were mixed with an equal
volume of 23 SDS sample buffer (23) to generate sam-
ples of the total intracellular protein for SDS–PAGE.
All solutions of protein in sample buffer were heated
at 908C for 4 min and then centrifuged at 14,000g for 15
min prior to SDS–PAGE. Precast SDS–polyacrylamide
gels (10–20%, Tris–glycine) were purchased from No-
vex, a subsidiary of Invitrogen (San Diego, CA).

Southern Blot

Samples of genomic DNA from X90, X90ssrA::CAT,
BL21(DE3), and a putative ssrA2 transductant of
BL21(DE3) were prepared using Qiagen (Valencia, CA)
Genomic-tips in accordance with the manufacturer’s
instructions. Genomic DNA (3 mg) was digested over-
night with ClaI or PstI. The reaction products were
separated on a 1% agarose gel in TBE buffer (23). The
ssrA-specific gene probe was generated by PCR amplifi-
cation of X90 DNA with primers PE-206 and PE-207.
The PCR amplicon (25 ng) was labeled by random prim-
ing in a reaction containing 2.5 units of Klenow frag-
ment and 13 DIG labeling mix (Roche Molecular Bio-
chemicals, Indianapolis, IN). The reaction mixture was
incubated for 1 h at 378C. Southern transfer was per-
formed in 203 SSC overnight (23). After transfer, the
DNA was UV-crosslinked onto the nylon membrane
(Tropix, Bedford, MA). The membrane was incubated
in Ultrahyb solution (Ambion, Austin, TX) at 428C for
1 h, before the DIG-labeled ssrA gene-specific probe
was added to 0.1 ng/ml and incubation was continued
overnight. After hybridization, the membrane was
washed twice for 5 min with 23 SSC, 0.1% SDS and
then twice for 15 min with 0.13 SSC, 0.1% SDS at 428C.
DNA hybrids were detected with anti-DIG–alkaline
phosphatase (1:20,000) and the chemiluminescence
substrate CDP-Star (Roche Molecular Biochemicals).

Phage Plating Assay

To compare the plating efficiency of phage limmP22
dis c2-5 on BL21(DE3), BL21(DE3)ssrA::CAT, and
BL21(DE3)ssrA::CAT cells containing the tmRNA plas-
mid pRK593, the cells were grown in LB broth (22)
supplemented with 0.2% maltose to an OD600 of 0.25.
Serial dilutions (between 1022 and 1028) of the high

titer phage stock were made in LB 1 maltose. One-
hundred microliters of each phage dilution was com-
bined with 1 ml of cells and incubated for 20 min at
378C. A total of 2.5 ml of molten (458C) top agar (22)
was then added to each tube containing cells and phage,
N, AND WAUGH
bated overnight at 378C. Plaques were counted by visual
inspection. The phage titer on BL21(DE3) cells (ca.
9 3 109 pfu/ml) was equivalent to a plating efficiency
(EOP) of 1.

RESULTS

Although most MBP fusion proteins can be expressed
at a high level in E. coli (24, 25), this was not the case
when the catalytic domain of TEV protease was fused
to the C-terminus of MBP (Fig. 2, lane 2). Transcription
and translation initiation should be very efficient in
the context of an MBP fusion protein vector, and so
we wondered if the problem might be at the level of
translation elongation, due to differing codon biases in

E. coli and eukaryotic cells. The TEV protease coding
sequence contains two AGG codons (R80 and R105) and
four AGA codons (R49, R50, R101, and R159), which
are rarely found in highly expressed genes in E. coli
(Fig. 1). It is well documented that the presence of these

25 kDa

32.5 kDa

47.5 kDa

62 kDa

83 kDa

175 kDa
M 1 2 3 4 5 6 7

688 688 688 693

pACYC184 pDC952

FIG. 2. Rare arginine codons limit the accumulation of TEV prote-
ase in E. coli BL21(DE3). Cells were grown to early log phase at 378C
and induced with IPTG for 3 h. Samples of the total intracellular
PAGE (10–20% Tris–glycine gel, Novex) and stained with GelCode
Blue (Pierce). Lane M, molecular weight standards; lane 1,
BL21(DE3); lane 2, BL21(DE3) 1 pRK688; lane 3, BL21(DE3) 1
pACYC184; lane 4, BL21(DE3) 1 pACYC184 1 pRK688; lane 5,
BL21(DE3) 1 pDC952; lane 6, BL21(DE3) 1 pDC952 1 pRK688;
lane 7, BL21(DE3) 1 pRK693.
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codons in an mRNA can have a deleterious effect on
the yield of a recombinant protein in E. coli (26). In
several instances, much higher yields could be obtained
when the cells were supplemented with multiple copies
of the cognate tRNA gene (argU ) on a plasmid, sug-
gesting that in these cases the accumulation of recombi-
nant protein was limited by depletion of the cognate
aminoacyl tRNA (e.g., 27–32).

To ascertain whether rare arginine codons in the TEV
protease mRNA affect the yield of MBP-TEV protease
fusion protein, we examined the amount of MBP-TEV
protease produced by pRK688 (Fig. 1) in BL21(DE3)
cells that also contained pDC952, a derivative of pA-
CYC184 that carries the E. coli argU gene (19). Consis-
tent with a translational effect, the yield was far greater
when cells contained pDC952 than when they contained
pACYC184 (Fig. 2, lanes 6 and 4, respectively). A high
yield of the 69-kDa fusion protein, equivalent to that
produced when cells contained pDC952, could also be
obtained in the absence of this plasmid if all of the AGG
and AGA codons were replaced by CGC (Fig. 2, lane 7).
There are no rare arginine codons in MBP, so these
results demonstrate that AGA and/or AGG codons
within the TEV protease coding sequence limit the
accumulation of MBP–TEV protease fusion protein in
E. coli.

Does each AGG or AGA codon contribute equally to
the low yield of TEV protease in E. coli? This question
was addressed by constructing a series of MBP–TEV
protease expression vectors (pRK689–pRK692) in
which only one or two AGG or AGA codons at a time
were changed to CGC (Fig. 1B). As expected, all of these
vectors produced a large amount of MBP–TEV protease
in the presence of pDC952 (Fig. 3, even lanes), but only
the vector in which the tandem AGA codons had been
altered to CGC produced a similar amount of fusion
protein in the absence of pDC952 (Fig. 3, lane 5). Be-
cause pRK691 also contains two codon replacements
(R101 and R105), this result implies that it is not simply
the number of rare arginine codons that makes the
difference; the context is also important. Even so, the
simultaneous replacement of codons 101 and 105 ap-
peared to be more beneficial than the single codon re-
placements. Replacing only the tandem AGA codons
restored the yield of MBP–TEV protease to the level
seen in the presence of pDC952. Similar results were
obtained when the effect of tandem rare arginine codons
in other proteins was investigated (33–35).

If the depletion of aminoacyl-tRNAAGA/AGG arrests
translation of the fusion protein, then this would ex-
plain the low yield of full-length MBP–TEV protease,

but what happens to the partially translated fusion
proteins? Little or no truncated fusion protein accumu-
lates in the absence of pDC952 (compare Fig. 2, lanes
4 and 6, or Fig. 3, lanes 3 and 4). An interesting result
is obtained when an autoprocessing form of the MBP–
GelCode Blue (Pierce). (1) and (2), presence or absence, respectively,
of the tRNA accessory plasmid pDC952. Lanes 1 and 2, no MBP–TEV
protease expression vector; lanes 3 and 4, pRK688; lanes 5 and 6,
pRK689; lanes 7 and 8, pRK690; lanes 9 and 10, pRK691; lanes 11
and 12, pRK692.

TEV protease fusion protein with a canonical TEV pro-
tease recognition site in the linker between the two
domains (Fig. 1A) is expressed in E. coli. Both in the
presence and in the absence of pDC952, the fusion pro-
tein is processed efficiently in cells to yield separate
MBP and TEV protease domains (Fig. 4, lanes 6 and
5, respectively). In the presence of pDC952, stoichiomet-
rically equivalent amounts of both polypeptides accu-
mulate to a high level. However, a different result is
obtained when the self-processing fusion protein is ex-
pressed in the absence of pDC952. Although the yield
of MBP is about the same, much less TEV protease is
produced. Again, no truncated translation products are
visible on the gel (compare Fig. 4, lanes 5 and 6). Most
remarkably, when pDC952 is not present, the yield of
the nonprocessing MBP–TEV protease fusion protein
is far less than the yield of MBP generated by the auto-
processing fusion protein under identical conditions.
This observation strongly suggests that the partially
synthesized fusion proteins are unstable and subject to
proteolytic degradation in vivo. To rule out the possibil-
ity that differences between the mRNAs produced by
O ETCH VIRUS PROTEASE IN E. coli 65
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FIG. 3. Tandem AGA codons have the greatest impact on the yield
of MBP–TEV protease fusion protein. Cells were grown to early log
phase at 378C and induced with IPTG for 3 h. Samples of the total
intracellular protein from an equivalent number of cells were resolved
the two vectors (i.e., the presence or absence of a TEV
protease recognition site in the linker between the MBP
and TEV protease domains) are responsible for the ob-
served effect, the yield of a catalytically inactive form
of the MBP–TEV protease fusion protein, produced by
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domain produced by autoprocessing of the MBP–TEV fusion protein

in vivo (lanes 5 and 6); C, chloramphenicol acetyltransferase encoded
by pDC952 (lanes 2, 4, and 6); D, truncated MBP–TEV fusion protein
produced by pRK685 (lane 8); E, MBP with no C-terminal linker
peptide (lane 9); F, TEV protease catalytic domain produced by auto-
processing of the MBP–TEV fusion protein in vivo (lanes 5 and 6).

pRK1033 (Fig. 1A), was also examined. This fusion pro-
tein, which contains a single amino acid substitution
(D81N) in the catalytic triad of TEV protease, also accu-
mulated at a low level in the absence of pDC952 (Fig.
4, lane 7). Because the mRNA encoding the catalytically
inactive fusion protein is otherwise identical to that
encoding the autoprocessing fusion protein, the dra-
matic difference between the yield of processing and
nonprocessing forms of the MBP–TEV protease fusion
protein cannot be attributed to the differences in their
mRNAs (or protein) that result from the presence or
absence of a TEV protease site and hexahistidine tag
in the interdomain linker.

We next sought to determine whether the susceptibil-
ity of these incompletely synthesized fusion proteins
to proteolysis is triggered directly or indirectly by the
presence of rare arginine codons in the mRNA. After

all, it seemed reasonable to imagine that the partially
unfolded fusion proteins might be attractive targets for
endogenous proteases after they had been released from
ribosomes. There is evidence for premature release
when ribosomes encounter rare arginine codons (36).
N, AND WAUGH

To investigate this possibility, we constructed an MBP–
TEV protease expression vector (pRK685) in which the
tandem pair of AGA codons was replaced by consecutive
termination codons (TAA,TGA) (Fig. 1B). To our sur-
prise, the truncated MBP–TEV protease fusion protein
produced by this construct proved to be relatively stable
in BL21(DE3) cells (Fig. 4, lane 8). In this experiment,
a few extra bands with more rapid mobility than the
full-length translation product were observed. All of
these were greater or equal in size to native MBP (Fig.
4, lane 9), suggesting that they correspond to fusion
proteins from which varying lengths of the TEV prote-
ase domain had been removed by intracellular proteoly-
sis. Even so, the combined yield of the truncated MBP–
TEV protease fusion proteins produced by pRK685 was
comparable to that of the full-length fusion protein pro-
duced by the vector with no rare arginine codons and
significantly greater than the yield of MBP–TEV prote-
ase fusion protein produced from pRK688 in the ab-
sence of pDC952. Thus, the degradation of partially
synthesized MBP–TEV protease fusion proteins evi-
dently is mechanistically coupled to the pausing of ribo-
somes at rare arginine codons.

The degradation of partially synthesized MBP–TEV
protease fusion proteins is processive, because it results
in the disappearance of the MBP domain of the fusion
protein as well as the incompletely synthesized TEV
protease domain. The cytosolic ATP-dependent prote-
ases in E. coli, including ClpAP, ClpXP, and FtsH, are
highly processive enzymes (37), and so we suspected
that they might be involved in the degradation of na-
scent MBP–TEV protease polypeptides. Indeed, an im-
portant function of these proteases is to degrade incom-
pletely synthesized proteins produced from damaged
mRNAs (38). When ribosomes reach the end of an
mRNA that does not have a stop codon, such as a trun-
cated mRNA generated by the action of endogenous
ribonucleases, the blockade can be alleviated by a trans-
translation mechanism involving tmRNA (also called
10Sa RNA in E. coli) (39). This curious RNA has proper-
ties of both a tRNA and an mRNA. Aminoacylated
tmRNA binds to the vacant A site in a stalled ribosome,
whereupon it elicits a template switch that enables the
ribosome to resume translation by using the tmRNA
as a surrogate mRNA. A short open reading frame en-
coded by tmRNA is followed by a termination codon,
which allows the ribosome to dissociate normally from
the message. As a result of this process, 11 nonnative
amino acids are added to the C-terminus of the partially
synthesized polypeptide. The tmRNA-encoded peptide
tag is rich in hydrophobic residues, and this has the
66 KAPUST, ROUTZA
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FIG. 4. Processive degradation of nascent MBP–TEV protease poly-
peptides. Cells were grown to early log phase at 378C and induced
with IPTG for 3 h. Samples of the total intracellular protein from an
equivalent number of cells were resolved by SDS–PAGE (10–20%
Tris–glycine gel, Novex) and stained with GelCode Blue (Pierce).
Lanes 1, BL21(DE3); lane 2, BL21(DE3) 1 pDC952; lane 3,
BL21(DE3) 1 pRK688; lane 4, BL21(DE3) 1 pDC952 1 pRK688;
lane 5, BL21(DE3) 1 pRK508; lane 6, BL21(DE3) 1 pDC952 1
pRK508; lane 7, BL21(DE3) 1 pRK1033; lane 8, BL21(DE3) 1
pRK685; lane 9, (BL21(DE3) 1 pDW533. Recombinant proteins: A,
full-length MBP–TEV fusion protein (lanes 3, 4, and 7); B, MBP
effect of recruiting ATP-dependent proteases, which se-
lectively attack proteins with hydrophobic residues at
their extreme C-termini (40, 41). We reasoned that our
results could be explained if tmRNA-mediated peptide
tagging occurs when ribosomes become stalled in the
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middle of an otherwise normal mRNA, due to depletion
of the cognate tRNA. Indeed, tmRNA-mediated tagging
at runs of consecutive AGA codons has been demon-
strated experimentally (42).

To test this hypothesis, we expressed both the auto-
processing and the nonprocessing forms of the MBP–
TEV protease fusion protein in an ssrA2 host (ssrA is
the gene that encodes tmRNA in E. coli) and compared
the results with those obtained in an otherwise isogenic
ssrA+ strain. Initially, we chose the E. coli K12 strain
X90 (43) for these experiments because we already had
the ssrA::CAT lesion in this genetic background. Unex-
pectedly, we found that the presence of pDC952 did not
improve the yield of MBP–TEV protease fusion protein
in X90 cells (Fig. 5, lane 6). A low yield of fusion protein,
similar to the amount produced in BL21(DE3) cells that
do not contain pDC952, was obtained in X90 irrespec-
tive of the presence or absence of the accessory plasmid.
The same result was obtained when the experiment
was performed in X90(DE3) cells, demonstrating that
the lambda prophage does not contribute to the effect

(data not shown). This observation underscores the fact

phase at 378C and induced with IPTG for 3 h. Samples of the total
intracellular protein from an equivalent number of cells were resolved
by SDS–PAGE (10–20% Tris–glycine gel, Novex) and stained with
GelCode Blue (Pierce). Lane 1, X90; lane 2, X901 pRK688; lane 3,
X901 pACYC184; lane 4, X901 pACYC184 1 pRK688; lane 5, X901
pDC952; lane 6, X901 pDC952 1 pRK688.
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X90 cells. Instead, we decided to perform the experi-
ment E. coli in BL21(DE3). Accordingly, the ssrA::CAT
lesion in X90ssrA::CAT cells was introduced into
BL21(DE3) by bacteriophage P1-mediated transduc-
tion. Genomic DNA from a putative transductant was
analyzed by Southern blotting to verify that the
ssrA::CAT lesion was present (Fig. 6A). The probe for
this experiment was prepared by PCR amplification of
the complete ssrA gene from X90 DNA. When genomic
DNA from the putative transductant was digested with
ClaI, only one fragment hybridized with the probe (Fig.
6A, lane 2). Similarly, the probe hybridized with only
one ClaI fragment when genomic DNA from X90,
X90ssrA::CAT, and BL21(DE3) cells was analyzed (Fig.
6A, lanes 3, 4, and 1, respectively). The hybridizing
fragment from the putative transductant was exactly
the same size (ca. 4.2 kb) as the hybridizing fragment
from X90ssrA::CAT cells and clearly distinct from the
hybridizing fragments produced by X90 and BL21(DE3)
(ca. 9.5 and 6.5 kb, respectively). A similar result was
obtained when the four genomic DNAs were digested
with PstI. However, in this case two fragments of both
BL21(DE3)ssrA::CAT and X90ssrA::CAT DNA (ca. 2.5
and 1.5 kb) hybridized with the probe (Fig. 6A, lanes
6 and 8, respectively). This was expected, because PstI
sites bracket the chloramphenicol acetyltransferase
(CAT) gene cassette that was used to create the inser-
tional inactivation of the ssrA gene (44). Thus, our re-
sults clearly demonstrate that there is only one copy of
the ssrA gene in BL21(DE3) cells and that the
ssrA::CAT lesion is present in BL21(DE3)ssrA::CAT
cells.

To further corroborate this conclusion, we also sought
to confirm that BL21(DE3)ssrA::CAT cells are pheno-
typically tmRNA-deficient. It has been observed that
certain limmP22 hybrid phage fail to plate efficiently
on E. coli strains that lack a functional ssrA gene (45,
46). Accordingly, we determined the plating efficiency
of limmP22 dis c2-5 on BL21(DE3) and BL21(DE3)s-
srA::CAT cells. The results are summarized in Fig. 6B.
Compared with its congenic ssrA+ counterpart, the plat-
ing efficiency was reduced by almost five orders of mag-
nitude in BL21(DE3)ssrA::CAT cells, which is consis-
tent with the absence of tmRNA in this strain. This
dramatic defect in limmP22 dis c2-5 plating on
BL21(DE3)ssrA::CAT cells could be complemented by a
low copy number plasmid encoding a functional tmRNA
gene (pRK593).

Curiously, we found that inactivation of the ssrA gene
did not improve the yield of MBP-TEV protease fusion
protein in BL21(DE3) cells (Fig. 7). On the contrary,
that there are significant differences between E. coli B
and K12 strains.

No effort was made to determine whether or not the
argU gene product was overproduced and functional in

25 kDa

32.5 kDa

47.5 kDa

62 kDa

83 kDa

175 kDa

16.5 kDa

M 1 2 3 4 5 6
688 688 688

pACYC184 pDC952

FIG. 5. pDC952 does not improve the yield of MBP–TEV protease
fusion protein in E. coli X90 cells. Cells were grown to early log
even less of the fusion protein accumulated under these
circumstances (Fig. 7, compare lanes 4 and 5). Further-
more, no truncated fusion proteins were observed to
accumulate in BL21(DE3)ssrA::CAT cells. These results
indicate that tmRNA is not involved in the processive
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of the total intracellular protein from an equivalent number of cells
were resolved by SDS–PAGE (10–20% Tris–glycine gel, Novex) and

agarose gel electrophoresis, transferred to a nylon membrane, and
probed with a labeled PCR product generated by amplification of the
ssrA gene from X90 DNA. The positions of molecular weight standards
are indicated. (B) Plating efficiency (EOP) of limmP22 dis c2-5 on
BL21(DE3), BL21(DE3)ssrA::CAT, and BL21(DE3)ssrA::CAT cells
harboring a plasmid that produces tmRNA (pRK593).
stained with GelCode Blue (Pierce). WT, ssrA, and clpP refer to
BL21(DE3), BL21(DE3)ssrA::CAT, and SG1146a cells, respectively.
Cells contained either no expression vector (lanes 1–3), pRK688 only
(lanes 4–6), or both pRK688 and pDC952 (lanes 7–9).

whether the Clp proteases play a role in the degradation
of nascent MBP–TEV protease fusion proteins, we also
performed the experiment in SG1146a cells, a deriva-
tive of BL21(DE3) with an inactive clpP gene
(clpP::CAT). Inactivation of ClpXP and ClpAP also re-
duced the level of MBP–TEV protease fusion protein
(Fig. 7, lane 6) relative to what was obtained in
BL21(DE3) cells (Fig. 7, lane 4), and no truncated fusion
proteins were observed to accumulate in this genetic
background either. It is not clear why the ssrA and clpP
lesions reduce the yield of MBP–TEV protease fusion

protein in BL21(DE3) cells. Nevertheless, this effect is
degradation of nascent MBP–TEV protease polypep-
tides. The Clp proteases (ClpXP and/or ClpAP) are re-
sponsible for most of the degradation of ssrA-tagged
polypeptides in the cytosol of E. coli (40). To investigate

1 2 3 4 5 6 7 8

23 kb
9.4 kb
7.4 kb

4.4 kb

2.3 kb

2.0 kb

Cla I Pst  I

10-1

10-2

10-3

10-4

10-5

10-6

EOP

BL21(DE3) BL21(DE3) BL21(DE3)
ssrA::CAT ssrA::CAT

pRK593

100

A

B

FIG. 6. Inactivation of the ssrA gene in BL21(DE3). (A) Genomic
DNA from E. coli BL21(DE3) (lanes 1 and 5), BL21(DE3)ssrA::CAT
(lanes 2 and 6), X90 (lanes 3 and 7), and X90ssrA::CAT (lanes 4 and
8) was digested with either ClaI or PstI (as indicated), resolved by
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FIG. 7. Inactivation of ssrA or clpP does not improve the yield of
MBP–TEV protease fusion protein in BL21(DE3). Cells were grown
to early log phase at 378C and induced with IPTG for 3 h. Samples
exactly the opposite of what one would expect if either
tmRNA or the Clp proteases are involved in the proc-
essive degradation of nascent MBP–TEV protease
fusion proteins.

DISCUSSION
We have presented convincing evidence that the yield
of TEV protease is limited by the presence in the mRNA
of arginine codons that are rarely used in E. coli. An
expression vector in which all of the AGG and AGA
codons were changed to CGC produced a large amount
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of TEV protease. The same result was obtained when
E. coli cells contained, in addition to the TEV protease
expression vector, an accessory plasmid carrying a copy
of the cognate tRNA gene (argU ). Together these results
demonstrate that the yield of protease is affected by
these codons at the translational level. By constructing
a series of vectors in which only one or two AGA or
AGG codons at a time were altered to CGC, we were
able to show that the yield of TEV protease could be
improved dramatically if only the tandem AGA codons
were altered. Thus, we conclude that the low yield of
protease can be attributed mainly to the contextual
effect of tandem AGA codons rather than to the density
of AGA and AGG codons in the mRNA. Our results lend
additional support to the notion that clusters of rare
codons are particularly deleterious to protein expres-
sion in E. coli (26).

We have also uncovered evidence that stalling of ribo-
somes at the tandem AGA codons in the TEV protease
mRNA, which occurs when the supply of cognate
aminoacyl tRNA is exhausted, triggers the processive
proteolytic degradation of the nascent polypeptides.
This effect is dramatic in BL21(DE3) cells but not in
the E. coli K12 strain X90. Because runs of consecutive
rare arginine codons in mRNA have been shown to
stimulate tmRNA-mediated peptide tagging and subse-
quent degradation by ATP-dependent cytosolic prote-
ases (42), we suspected that this mechanism was re-
sponsible for the low yield of MBP–TEV protease in
BL21(DE3) cells. However, we unexpectedly found that
the yield of MBP–TEV protease fusion protein was not
affected by inactivation of either the ssrA gene or the
clpP gene in BL21(DE3). A fusion protein produced
from a gene in which the tandem AGA codons were
replaced by tandem termination codons (pRK685) accu-
mulated to a high level in BL21(DE3) cells, indicating
that the truncated fusion protein is not intrinsically
prone to processive proteolytic degradation in vivo. This
result argues that proteolysis of MBP–TEV protease
somehow is mechanistically linked to the presence of
tandem AGA codons in the mRNA. Because proteolysis

occurs in the absence of tmRNA, we believe that another
mechanism must exist for coupling translational paus-

ing and proteolytic degradation in BL21(DE3) cells.
Further research will be required to illuminate the na-
ture of this mechanism.
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