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Abstract: Many applications in biotechnology require human proteins generated from human
cells. Stable cell lines commonly used for this purpose are difficult to develop, and scaling to

large numbers of proteins can be problematic. Transient expression can circumvent this problem,

but protein yields are generally too low for most applications. Here we report a novel 37-
nucleotide leader sequence that promotes rapid and high transgene expression in mammalian

cells. This sequence was identified by in vitro selection and functions in a transient vaccinia-

based cytoplasmic expression system. Vectors containing this sequence produce microgram lev-
els of protein in just 6 h from a small-scale expression in 106 cells. This level of protein synthesis

is ideal for high throughput production of human proteins, and could be scaled to generate milli-

gram quantities of protein. The technology is compatible with a broad range of cell lines, accepts
plasmid and linear DNA, and functions with viruses that are approved for use under BSL1 condi-

tions. We suggest that these advantages provide a powerful method for generating human pro-

tein in mammalian cells.
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Introduction

The synthesis of human proteins in human cells is

necessary when properly modified protein is needed

for biomedical assays.1–4 This requires developing

stable cell lines or engineered viruses,2 which is

technically challenging, because it requires integrat-

ing a foreign gene of interest into the genome of the

host cell or virus.5,6 Even when properly con-

structed, stable cell lines are prone to contamination

by viruses and microorganisms present in the labo-

ratory environment. Consequently, human proteins

are often synthesized in prokaryotic systems, even

though these systems lack the capacity to produce

post-translational modifications.7

Here, we describe a novel 37-nucleotide RNA

sequence that promotes strong protein synthesis in a

vaccinia virus (VACV)-based cytoplasmic expression

system. This system is ideal because of its activity in a

broad range of mammalian cell lines, high expression

capacity, and rapid timeframe.8 Biochemical analysis of

our novel leader sequence reveals an unusual dual

activity that leads to enhanced expression and transla-

tion. As a proof-of-concept, we show that 12 arbitrarily

chosen human proteins express without the need for

optimization, suggesting a straightforward method for

generating human proteins in human cells.

Results and Discussion

Discovery and characterization of a novel

translation enhancing element

In a previous in vitro selection experiment, we iso-

lated translation enhancing elements (TEEs) from

the human genome.9 The selected TEEs were eval-

uated in a VACV cytoplasmic expression system

(Fig. 1), and found to enhance translation by up to

100-fold when compared with unselected sequences

from the na€ıve library or a traditional VACV syn-

thetic late promoter (SLP) alone. Subsequent screen-

ing led us to identify one sequence, hTEE-658, with

unusually high activity in our VACV system [Fig.

2(A)]. Comparative studies showed that hTEE-658

enhances translation more than 5,000-fold over a

standard SLP VACV promoter. This observation sug-

gested a possible strategy for increasing protein syn-

thesis levels in mammalian cells.

To understand the function of hTEE-658, we

used quantitative real-time PCR (qRT-PCR) to mea-

sure RNA levels from cells transfected with a lucif-

erase reporter plasmid containing sequences from

the na€ıve library, selection output, and hTEE-658.

After normalization, the hTEE-658 plasmid produces

�10-fold more RNA and leads to �5-fold more lucif-

erase than the most active sequence previously iden-

tified from our selection [Fig. 2(B,C)]. We confirmed

by qRT-PCR that plasmid copy number was not

altered [Supporting Information Fig. S1], demon-

strating that stronger mRNA expression and trans-

lation was not due to differences in plasmid

replication by the virus. These results indicate that

hTEE-658 enhances transcription and translation

levels in the cell. The observation that a single

sequence can affect both steps of protein synthesis is

unusual, but not unprecedented. We are aware of at

least one other RNA motif, the TISU element, which

functions in this capacity.10

Figure 1. Vaccinia-based cytoplasmic expression of recombinant genes in mammalian cells. Cells transfected with a viral pro-

tein expression vector are infected with the vaccinia virus. Infected cells produce a viral RNA polymerase that recognizes a viral

promoter in the protein expression vector and mediates the cytoplasmic transcription of gene-encoded RNA messages.

Expressed mRNAs are translated using the translational machinery present inside the cell.
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Next, we determined the minimal region

required to achieve strong gene expression. A set of

hTEE-658 variants were generated by first separat-

ing the parent sequence into the 50 half, 30 half, and

central portion, which revealed that the functional

region resided in the 50 portion of the parent

sequence [Fig. 2(D), Supporting Information Table

S1]. We then performed an incremental deletion

analysis on the 50 half to identify the minimal

sequence necessary for function. Sequential dele-

tions from the 50 and 30 ends allowed us to identify a

core functional region of 37-nts spanning a boundary

from residues 6–42. This region is �2-fold more

active than the full-length sequence and additional

deletions that extend into either end led to signifi-

cant drops in luciferase activity [Fig. 2(D)]. The

remainder of our study focuses on the activity of the

37-nt core region of hTEE-658.

To verify that hTEE-658 functioned as a VACV

promoter, we removed the vaccinia SLP promoter

from the luciferase plasmid. Analysis of cellular

RNA and luciferase activity values from vectors con-

taining and lacking the SLP promoter showed no

detectible difference in mRNA and protein levels

[Fig. 2(E)], confirming that hTEE-658 functions as a

VACV promoter. To discern which region of the

sequence is responsible for promoter activity and

which region is responsible for TEE activity, we

sequenced the 50 end of the luciferase mRNA by

rapid amplification of cDNA ends (RACE). cDNA

sequencing indicated that transcription initiated

within the AAAACUGCUAA portion of the sequence,

which was preceded by a stretch of 8 or 9 non-

templated adenosine residues [Fig. 2(F)]. We antici-

pated the presence of short polyA ends since VACV

encodes strong poly-adenylation enzymes that mod-

ify the 50 and 30 ends of primary transcripts.11 This

analysis suggests that the first 26 nucleotides of

hTEE-658 function as a VACV promoter, while the

last 11 nucleotides function as a TEE.

Comparison of protein synthesis to known
VACV promoters

We established the activity of hTEE-658 relative to

known VACV promoters using viral vectors that con-

tain the SLP and I1L promoters alone and in combi-

nation with hTEE-658 (Supporting Information

Table S2). Vectors designed to express the luciferase

and HIV-1 gag genes were tested in our cytoplasmic

expression assay. After 6 h of expression, protein

Figure 2. Functional characterization of hTEE-658. (A) Luciferase production driven by hTEE-658 compared to the average of 9

in vitro selected human TEEs and four randomly chosen human sequences from a na€ıve library. Results from the na€ıve library

are equivalent to the SLP promoter alone. (B) Luciferase mRNA levels determined by qRT-PCR after normalization to HPRT.

(C) Luciferase activity normalized to cellular mRNA. (D) Reporter constructs containing 50 and 30 deletions were used to identify

the core functional domain of hTEE-658. Labels indicate the precise nucleotide fragment analyzed in vaccinia-infected cells.

Relative enhancement is given as a percentage of full-length hTEE-658 with normalized percent error shown in parenthesis.

(E) Luciferase mRNA and protein levels observed for vectors carrying and lacking the vaccinia SLP promoter upstream of

hTEE-658. (F) 50 RACE analysis was used to identify the viral promoter region (underlined) and ribosomal TEE (boxed) within the

core functional region of hTEE-658.
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abundance was detected by western blot analysis using

antigen specific antibodies. Analysis of the resulting gel

indicates that vectors carrying hTEE-658, either alone

or in tandem with SLP and I1L, produce substantial

amounts of luciferase or HIV gag when compared with

vectors containing only the SLP and I1L promoters

alone (Fig. 3). This result is consistent with our quanti-

tative luciferase measurements.

Time course analysis of protein synthesis in

mammalian cells
Next, we evaluated cell line and viral strain compat-

ibility by measuring luciferase production in three

different cell types using three different viral

strains. In this case, HeLa, HEK, and BHK cells

were chosen for analysis with the VACV strains

VC2, vTF7-3, and MVA. VC2 is a wild-type Copenha-

gen strain, while vTF7-3 is an engineered VACV

designed to express the T7 RNA polymerase.12 MVA

is a highly attenuated VACV that is non-pathogenic

to humans and compatible with biosafety level 1

(BSL1) conditions.13 Plasmids carrying an internal

ribosomal entry site (IRES) from the encephalomyo-

carditis virus (EMCV), in combination with a T7 or

SLP promoter, were used as controls. The EMCV

IRES is a �500-nt noncoding RNA motif that is com-

monly used for protein synthesis in mammalian

cells.14

Time-dependent measurements were collected

over the course of 24 h. In nearly all cases, hTEE-

658 proved superior to the EMCV IRES with lucifer-

ase expression following a general trend of early

rapid expression that plateaued after 6–9 h (Sup-

porting Information Fig. S2). While expression from

the EMCV plasmid followed a similar trend, this

plasmid generally required longer expression times

and produced less overall protein (�10-fold). In only

two cases were the hTEE-658 and EMCV plasmids

similar; however, this required the engineered VACV

strain vTF7-3, an efficient virus optimized for

EMCV. Among the three cell lines, BHK cells consis-

tently produced the highest levels of luciferase, con-

sistent with previous VACV expression results.15

These findings indicate that hTEE-658 vectors pro-

duce significant quantities of protein in a time frame

competitive with most prokaryotic expression

systems.

Broad antigen expression

To demonstrate the potential for broad protein syn-

thesis, 12 human proteins of different sizes and

functional categories were arbitrarily chosen for

analysis (Supporting Information Table S3). In all

cases, the gene encoding sequence was inserted into

an expression vector containing hTEE-658 upstream

of the coding region, and protein production levels

were monitored after expression in HeLa cells using

a common c-Myc epitope tag. Western blot analysis

of cell lysates indicated that full-length proteins

were obtained in all cases [Fig. 4(A)]. This result is

important given the approximate 10-fold range in

protein sizes. The ability of hTEE-658 to mediate

the production of such a variety of proteins from a

plasmid expression system conveys a significant

advantage over prokaryotic and cell-free expression

systems, where success rates for human proteins are

highly variable and typically less than 50%.16 For

example, we have found that six of the 12 human

Figure 3. Western blot analysis confirms that hTEE-658 is a strong VACV promoter. Luciferase and HIV Gag proteins were pro-

duced in HeLa cells from vectors carrying hTEE-658, SLP, I1L or a combination of hTEE-658 in tandem with SLP or I1L. West-

ern blot analysis was performed using antibodies directed against luciferase and HIV Gag proteins. GAPDH was used as a

loading control. Empty refers to cells that were infected, but not transfected. No infection controls confirm that protein synthesis

is VACV-driven. SLP and I1L protein is visible after prolonged exposure (data not shown).
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proteins analyzed above (PI3K, SRC, P53, MYOT,

HADH, and HRAS) are undetectable or barely

detectable in a coomassie stained gel after expres-

sion in E. coli (data not shown).

Protein quantification
Two different assays were used to quantify protein

production in our expression system. First, lucifer-

ase enzyme generated from hTEE-658-mediated

expression in HeLa cells was quantified by linear

calibration using known amounts of commercial

recombinant luciferase to measure enzymatic activ-

ity [Fig. 4(B)]. Second, Western blot analysis was

performed using the same protein standards and

anti-luciferase antibody to measure protein produc-

tion [Fig. 4(C)]. Both methods gave similar results,

yielding 2–5 lg of luciferase protein from 106 HeLa

cells. This result indicates that all or nearly all of

the luciferase protein was properly folded and enzy-

matically active. Comparison of the luciferase levels

to the 12 human proteins observed in the western

blot indicates that protein expression levels ranged

from 0.1 to 2-fold, with NFkB-IA showing the high-

est levels of expression. These results suggest that

this transient cytoplasmic expression protocol could

produce milligram quantities of protein by scaling

the expression to 109 cells.

Protein synthesis from linear DNA
To further simplify our expression system, linear

DNA was assayed for activity in the cytoplasmic

expression assay. Overlap PCR was used to add the

hTEE-658 sequence and the c-Myc tag to our set of

12 human proteins. The linear DNA was transfected

into HeLa cells and protein levels were analyzed by

western blot after overnight expression. Analysis of

the cell lysates revealed the presence of all 12 full-

length human proteins [Supporting Information Fig.

S3]. Only one protein, TNFRSF21, showed a trun-

cated product that was presumably due to incom-

plete translation. Quantification of protein levels

using the luciferase activity assay indicates that lin-

ear DNA produces �10-fold less protein than plas-

mid DNA. Nevertheless, the simplicity of this

approach makes it an attractive method for generat-

ing smaller amounts of protein for a large number of

targets.

Applications in mammalian cell culture

The ability to produce significant quantities of

human protein in mammalian cells without the need

for stable cell lines or recombinant viruses is a

major advantage of our translation enhancing tech-

nology. This advance is based on the discovery of

hTEE-658 as a short genetic sequence capable of

rapid and high transgene expression in a VACV

cytoplasmic expression system. Relative to common

IRESs, like EMCV, hTEE-658 is substantially

shorter (37 vs. >500 nts), making it easy to engineer

into vectors. hTEE-658 is also more effective than

EMCV at engaging the ribosomal machinery, and

functions with viruses that are non-pathogenic to

humans. We suggest that this new technology pro-

vides a versatile platform for protein synthesis in

Figure 4. Synthesis of 12 human proteins in HeLa cells. (A) Twelve recombinant human proteins were generated from protein

expression vectors engineered with hTEE-658. C-terminal myc-epitope tags were used to compare protein levels by Western

blot analysis. Relative protein synthesis levels were determined by densitometry. (B) Quantification of luciferase production

using a luciferase activity curve. The arrow indicates the average amount (20–50 ng/lL) of luciferase generated from 106 HeLa

cells. This corresponds to 2–5 lg of total protein. (C) Western blot analysis showed strong concordance between the luciferase

activity assay and protein synthesis levels from two independent trials. Protein samples were diluted to fit to the linear range of

the Western blot.
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mammalian cells. This could be especially useful in

cases where prokaryotic and cell-free systems fail to

produce protein or when post-translationally modi-

fied protein is needed for biological analysis. While

further optimization, could lead to higher yields, the

system is already ideal for routine protein synthesis.

Methods

Cell culture
All cells used in this study were obtained from the

American Type Culture Collection (ATCC). HeLa

and HEK293 cells were maintained in DMEM (Invi-

trogen), while BHK cells were maintained in MEM

(Invitrogen). Media was supplemented with 5% fetal

bovine serum (FBS, HyClone) and 5 mg/mL genta-

micin (Invitrogen). Cells were kept at 37�C in a

humidified atmosphere containing 5% CO2.

Vaccinia virus strains
The vaccinia virus Copenhagen (VC2) and vTF7-3

viral strains were obtained from Virogenetics and

ATCC, respectively. The modified vaccinia virus

Ankara (MVA) was obtained from Dr. Bernard Moss

at the National Institute of Allergy and Infectious

Diseases. VC2 is considered a wild-type vaccinia

virus, MVA is an attenuated vaccinia virus strain

that is non-pathogenic in humans, and vTF7-3 is a

recombinant vaccinia virus strain derived from the

Western Reserve (WR) strain that has been engi-

neered to express T7 RNA polymerase. Viral stocks

were stored in MEM with 2% FBS.

Cytoplasmic expression system

Cells were seeded 18 h before transfection according to

Supporting Information Table S4. Transfections were

carried out using Lipofectamine 2000 (Invitrogen). In

brief, complexes containing either plasmid or linear

DNA and Lipofectamine 2000 were formed in Opti-

MEM (Invitrogen). During complex formation, culture

media was removed from the cells and replaced with

fresh Opti-MEM. Complexes were then carefully over-

laid onto the cells. Plasmid DNAwas obtained by stand-

ard mini or maxiprep (Qiagen), while linear DNA

templates were generated by high fidelity PCR (accu-

prime taq, Invitrogen) using expression vectors as tem-

plates. Primers were designed so that the product

included a T7 promoter, hTEE-658 core, gene of inter-

est, c-Myc tag, and poly-adenosine track. Immediately

following DNA transfections, cells were infected with

VC2, MVA, or vTF7-3 at a multiplicity of infection (moi)

of five plaque forming units (PFU)/cell for all 6 or 18 h

assays and 30 PFU/cell for 24-h time course assays.

Luciferase activity assay
Post-transfect-infect cells were lysed using passive

lysis buffer (Promega). Luciferase activity was deter-

mined by mixing a portion of the lysate with the

Promega Luciferase Assay System and measuring

light production with a Glomax microplate luminome-

ter (Promega). Luciferase concentration was quanti-

fied by comparison to a standard curve of QuantiLum

Recombinant luciferase (Promega) generated using

the manufacturer’s recommended protocol.

RNA characterization
RNA was isolated from HeLa cells 6-h post-infection.

Lysate from 2-wells of a 96-well plate was pooled and

RNA isolation was performed using the PerfectPure

RNA cultured cell kit (50) following the manufac-

turer’s protocol. Isolated RNA was reverse transcribed

with Superscript II (Invitrogen) using an oligo (dT)

primer. Quantitative real-time PCR (iQTM SYBRVR

Green Supermix, Bio-Rad) was used to measure lucif-

erase mRNA levels, which were normalized to the

housekeeping gene hypoxanthine-guanine phospho-

ribosyltransferase (HPRT) using the DDCt method.

End-mapping deletion analysis

To determine the core functional region of the 658

sequence, constructs were designed where various

amounts of either the 50 or 30 end were removed. Each

construct was built by Klenow extension of synthetic

DNA oligos containing the desired fragment of hTEE-

658 along with BamHI and NcoI restriction sites. The

double-stranded DNA was restriction digested and

ligated into a monocistronic firefly luciferase reporter

plasmid carrying a vaccinia virus SLP upstream of the

insert. Reporter plasmids containing truncated variants

were assayed for activity by transfect-infect assay.

Expression vectors

Expression plasmids were obtained by engineering a

monocistronic reporter vector with a leader sequence of

interest inserted into the 50 UTR. This vector contains a

T7 RNA polymerase promoter site, a 50 UTR which

directly precedes an ORF containing the firefly luciferase

gene followed by a poly-adenosine track. In order to test

the expression of additional proteins, the luciferase was

replaced with either HIV-1 Gag (a kind gift of Dr. Ralf

Wagner of the University of Regensburg) or one of 12

human genes obtained from the DNASU Plasmid Reposi-

tory (DNASU.asu.edu). A c-Myc tag was also inserted at

the 30 end of the human gene constructs to be used as an

epitope tag for Western blotting. The full list of human

genes is located in Supporting Information Table S3.

Western blotting
Proteins were expressed using the transfect-infect

assay described above. After expression, HeLa cells

were lysed with Passive Lysis Buffer (Promega) and

cellular debris was removed by centrifugation. For pro-

tein analysis, samples were diluted with NuPage 43

LDS sample buffer (Invitrogen) and proteins were

denatured by heating for 10 min at 95�C before being

run on a NuPage 4–12% Bis-Tris gel (Invitrogen).
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Proteins were transferred to a nitrocellulose membrane

using the iBlot Gel Transfer system (Invitrogen). After

blocking for 1 h at 24�C in TBS-T (20 mM Tris, 125 mM

NaCl, pH 7.5, and 0.05% Tween20) supplemented with

3% milk, the membrane was incubated with the appro-

priate primary antibody concentrations overnight at

4�C. Membranes were then incubated with appropriate

concentrations of goat anti-mouse or goat anti-rabbit

HRP conjugated secondary antibodies (Cell Signaling)

for 1 h at room temperature. Chemiluminescent signal

was visualized after reaction with SuperSignal West

Pico or Dura Chemiluminescent Substrate (Pierce Bio-

technology). Anti-luciferase antibody was obtained from

AbDSerotec, anti-GAPDH from Abcam, anti-Myc Tag

(clone 4A6) from Millipore and the HIV-1 Gag antibody

was generously provided by Dr. Hohne at the Charite

Institute for Biochemie in Berlin, Germany. Where pos-

sible, membranes were cut to immunoblot for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and proteins of interest separately. Alternatively, after

the proteins of interest were detected the blots were

stripped by incubating three times for 10 min with 0.2M

glycine, 0.1% SDS, 2% Tween20, pH 2.2. After stripping,

blots were washed twice for 10 min with phosphate-

buffered saline (PBS), twice for 5 min with TBS-T and

then placed back into block solution for 1 h before immu-

noblotting for GAPDH. Western blot signals were quan-

tified using ImageJ to determine the relative intensity

for bands of interest. Known quantities of QuantiLum

Recombinant luciferase (Promega) were run as a stand-

ard curve to enable quantification of luciferase protein

produced by transfect-infect assay.

RACE

RNA was isolated using the PerfectPure RNA cul-

tured cell kit (5 Prime). RACE was performed with

the 50 RLM-RACE kit (Invitrogen) using total RNA

following the small reaction protocol provided by the

manufacturer with primers specific to the luciferase

gene. RACE sequences were ligated into the pJET

1.2 vector (Fermentas), cloned, and sequenced at the

ASU DNA Sequencing Facility.

DNA isolation and real-time PCR
Cellular and plasmid DNA was isolated from trans-

fected HeLa cells 6-h post-infection with VC2 using the

Trizol Reagent (Invitrogen) according to the manufac-

turer’s protocol. Following isolation, DNA was ethanol

precipitated and re-suspended in water. Quantitative

real-time PCR (iQTM SYBRVR Green Supermix, Bio-

Rad) was used to determine the levels of plasmid DNA

as well as the housekeeping gene Ribonuclease P

(RNase P) and normalized using the DDCt method.
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