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Interferon a-2a (IFNA2) is a member of the Type I interferon cytokine family, known for its antiviral and
anti-proliferative functions. The role of this family in the innate immune response makes it an attractive
candidate for the treatment of many viral and chronic immune-compromised diseases. Recombinant
IFNA2 is clinically used to modulate hairy cell leukemia as well as hepatitis c. Historically, IFNA2 has been
purified from human leukocytes as well as bacterial expression systems. In most cases, bacterial expres-
sion of IFNA2 resulted in inclusion body formation, or required numerous purification steps that
decreased the protein yield. Here, we describe an expression and purification scheme for IFNA2 using
a pET-SUMO bacterial expression system and a single purification step. Using the SUMO protein as the
fusion tag achieved high soluble protein expression. The SUMO tag was cleaved with the Ulp1 protease
leaving no additional amino acids on the fusion terminus following cleavage. Mass spectrometry, circular
dichroism, 2D heteronuclear NMR, and analytical ultracentrifugation confirmed the amino acid sequence
identity, secondary and tertiary protein structures, and the solution behavior of the purified IFNA2. The
purified protein also had antiviral and anti-proliferative activities comparable to the WHO International
Standard, NIBSC 95/650, and the IFNA2 standard available from PBL Assay Science. Combining the expres-
sion and purification protocols developed here to produce IFNA2 on a laboratory scale with the commer-
cial fermenter technology commonly used in pharmaceutical industry may further enhance IFNA2 yields,
which will promote the development of interferon-based protein drugs to treat various disorders.

� 2014 Elsevier Inc. All rights reserved.
Introduction

The interferon family of cytokines was discovered in the late
1950s, when soluble antiviral factors conferred protection to mem-
branes during live influenza virus challenge [1]. The interferon
family is classified by its antiviral, anti-proliferative, and immuno-
regulatory functions. These proteins are critical members of the
innate immune response whose induction is initiated by the bind-
ing of various viral components to cell surface recognition recep-
tors. Downstream transcription factors are activated via kinase
pathways that lead to interferon production. Upon release from
the cell, interferon binds to ubiquitously expressed cell surface
receptors which trigger a signaling cascade involving activation
of antiviral and anti-proliferative factors as well as up-regulating
their own expression. Thus, interferon induction leads to a positive
feedback loop characterized by high antiviral activity [2–5].
Human interferons comprise two categories: Type I and Type II.
These classifications refer to the cellular receptor that is used for
interferon function as well as amino acid sequence [6]. Type I inter-
ferons consist of a, b, and x subtypes, and bind to the IFNa/b
(IFNAR) receptor. Type I interferons are ubiquitously induced by
viral infection in many cell types. Type II interferon has a single
subtype, c, which interacts with the IFNc receptor. T cells and nat-
ural killer cells produce interferon c following activation by early
cytokines [2,3].

Interferon a consists of 13 functional subtypes of highly con-
served sequence and structural homology (75–99%) found in
humans [6]. Currently, two native and two PEGylated interferon
a products exist in the pharmaceutical market [7]. Interferon a-2
products, such as interferon a-2a (IFNA2)1 are used to treat
alactopy-
ce; EMC,
ubiquitin
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multiple diseases such as hairy cell leukemia and hepatitis c [4,8–
10]. These drugs are available in a variety of dosage forms including
multi-dose and single use syringes.

As the biopharmaceutics industry continues to grow, the study
of protein-based pharmaceuticals and their formulation stability
becomes increasingly important. It is often preferable to obtain
proteins from an in-house expression and purification scheme
due to cost or other factors. IFNA2 was initially derived directly
from human leukocytes and purified for pharmaceutical use [11].
However, because IFNA2 is not glycosylated in vivo [12], it is a per-
fect candidate for expression using simple systems such as bacte-
ria. In most attempts of using Escherichia coli (E. coli), IFNA2 was
regularly expressed in inclusion bodies [13–15]. Our aim in this
work was to develop and optimize an expression and purification
scheme of IFNA2 in E. coli that would not only result in high yields
of soluble protein, but also would require simplified purification
steps in order to obtain high yields of highly pure protein.
Materials and methods

Plasmid construction and screening

E. coli codon-optimized cDNA for human IFNA2 (Protein Data
Bank ID: 1ITF) was synthesized by Operon (Huntsville, Alabama)
and delivered in pCR2.1 TOPO subcloning vector. It was obtained
as a lyophilized powder and was reconstituted in 10 mM Tris, pH
7.0 to a concentration of 120 ng/ml. The cDNA was transformed
into BL21(DE3) cells (1 ll cDNA to 1 ml competent cells), plated
on kanamycin/ampicillin antibiotic agar plates, and incubated at
37 �C overnight. Colonies were transferred to LB media and grown
overnight at 37 �C in the presence of kanamycin and ampicillin.
DNA was extracted using a miniprep kit (Qiagen), and was quanti-
fied on a NanoDrop spectrophotometer (Thermo Scientific, Wil-
mington, Delaware). The TOPO vector contained recognition
sequences for BamH1 (forward) and Xho1 (reverse) restriction
sites. The IFNA2 DNA sequence was amplified with specific forward
(CATATGGGATCCTGCGATTTACCGCAAACC) and reverse
(GTGGTGCTCGAGTTACTCTTTCGAACGCAG) primers, followed by
gel extraction and digestion with BamH1 and Xho1 restriction
enzymes. The amplified DNA was inserted into our vector of
choice. We used a modified pET-28a vector, pET-SUMO (a generous
gift from Christopher Lima (Sloan-Kettering Institute)). Ligation of
the IFNA2 gene into pET-SUMO was achieved with identical for-
ward and reverse primers listed above. Following ligation, pET-
SUMO-IFNA2 was transformed into competent DH5a E. coli cells
and plated on kanamycin antibiotic agar plates. Resultant colonies
were screened for successful ligation using a miniprep kit (Qiagen)
and subsequent DNA sequencing. A positive clone was transformed
into competent BL21(DE3) E. coli cells for protein expression.
Expression of IFNA2

In order to express IFNA2 as a soluble protein in E. coli, the fol-
lowing scheme was used. A primary 5 ml culture of LB media was
inoculated with 5 lL kanamycin and incubated overnight at 37 �C
with shaking. Primary culture was transferred to secondary
(100 ml), inoculated with kanamycin and incubated at 37 �C with
shaking for 2.5 hrs. The secondary culture was transferred to full
scale (1 L), treated with kanamycin, and incubated at 37 �C with
shaking for 3 hrs. At OD600 = 1.0, temperature was reduced to
16 �C and the protein expression was induced with 0.2 mM isopro-
pyl b-D-1-thiogalactopyranoside (IPTG) for 16 hrs with shaking.
Cells were harvested using centrifugation at 4200g for 10 min. Cell
pellets were stored at �80 �C.
Purification of soluble SUMO-IFNA2

The cell pellet obtained in the previous step was thawed at
room temperature and resuspended in 50 mM Tris, 100 mM NaCl,
pH 7.5 with two dissolved protease inhibitor cocktail tablets (com-
plete Mini EDTA-free, Roche). Cell lysis was achieved using probe
sonication (16 cycles of 1 min on/off, half-power). Lysate material
was removed via centrifugation at 17,000g for 45 min at 4 �C.
Supernatant was loaded onto a 5 ml Nickel Sepharose 6 Fast Flow
column (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania)
(equilibration buffer of 50 mM Tris, 100 mM NaCl, 40 mM imidaz-
ole, pH 7.5) at 1 ml/min using a centrifugal pump. The column was
washed with 50 mM Tris, 100 mM NaCl, 50 mM imidazole, pH 7.5.
Protein was eluted using a linear gradient of imidazole (50–
500 mM) in 50 mM Tris, 100 mM NaCl, pH 7.5. Fractions containing
protein were identified via SDS–PAGE and dialyzed into 50 mM
Tris, 200 mM NaCl, pH 8. Often, dilution of positive fractions was
required to prevent the highly concentrated SUMO-IFNA2 from
precipitating during dialysis. SUMO-IFNA2 (33.3 kDa) concentra-
tion was determined using the extinction coefficient of e280 -
= 19.54 mM�1cm�1 calculated from ExPASy (www.expasy.org).

Removal of His6-SUMO tag

To remove the His6-SUMO tag, SUMO-IFNA2 was digested with
the yeast protease Ulp1 (purified in-house) (1 lg Ulp1 to 0.25 mg
SUMO-IFNA2), and the cleavage reaction was incubated at room
temperature for 16 hrs. Separation of the SUMO tag and IFNA2
was achieved on a 5 ml Nickel Sepharose 6 Fast Flow column using
a step gradient of imidazole (70–500 mM) in 50 mM Tris, 100 mM
NaCl, pH 7.5. Pure, tag-free IFNA2 fractions, collected in the flow-
through and wash steps, were identified using SDS–PAGE and dia-
lyzed into formulation buffer (10 mM ammonium acetate, 120 mM
NaCl, pH 5.0). IFNA2 (19.2 kDa) concentration was determined
using an extinction coefficient of e280 = 18.7 mM�1cm�1 (calculated
from ExPASy). Aliquots of 100 ll of 100 lM IFNA2 were transferred
to individual eppendorf tubes, flash frozen using liquid nitrogen,
and stored at �80 �C.

Deletion of N-terminal serine

The pET-SUMO plasmid leaves a serine residue at the N-termi-
nus of IFNA2 following cleavage with Ulp1. This amino acid has
been incorporated in the original expression vector to enhance
the cleavage of proteins in which the first N-terminal residue is a
proline, lysine, valine, or leucine [16]. The first N-terminal residue
in the pharmaceutical IFNA2 is a cysteine; therefore the serine res-
idue was unnecessary. In order to eliminate this amino acid, the
entire pET-SUMO-IFNA2 plasmid was subjected to polymerase
chain reaction using specific forward (CAG AGA ACA GAT TGG
TGG ATG CGA TTT ACC GC) and reverse (GCG GTA AAT CGC ATC
CAC CAA TCT GTT CTC TG) primers. These primers were designed
to delete the TCC codon corresponding to serine. Following ampli-
fication, DNA was purified via gel extraction and transformed into
BL21(DE3) cells. Colonies were transferred to LB media and grown
overnight at 37 �C in the presence of kanamycin. DNA was
extracted from E. coli bacterial cultures and submitted for DNA
sequencing. A successful sequencing result, in which the TCC codon
corresponding to the extra serine residue was deleted, was trans-
formed into BL21(DE3) cells, plated on a kanamycin antibiotic agar
plate, and incubated overnight at 37 �C. One resultant colony was
grown in LB media overnight at 37 �C and was used to create a
glycerol stock for further expression use. All mentions of IFNA2
in this report refer to the purified protein with an amino acid
sequence exactly identical to that of the pharmaceutical product
on the market (PDB ID 1ITF).

http://www.expasy.org
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Thawing procedure

Prior to any experimentation, individual aliquots of IFNA2 were
processed in the following manner. Flash frozen aliquots were
thawed in room temperature water for a maximum of 5 min fol-
lowed by a centrifugation at 21,000 g for 10 min. The supernatant
was transferred to a fresh eppendorf tube and the concentration
was determined using an extinction coefficient of
e280 = 18.7 mM�1.

Analytical ultracentrifugation (AUC)

In order to establish the assembly state of purified IFNA2, sed-
imentation velocity experiments were conducted using a Beckman
XL-A analytical centrifuge equipped with absorbance optics and an
An-60 Ti rotor (Beckman Coulter, Brea, California). IFNA2 concen-
trations ranging from 10 lM to 50 lM in formulation buffer were
tested. Samples were spun at 50,000 rpm at 4 �C and the absor-
bance was monitored at 280 nm. In each experiment, a two-chan-
nel Epon centerpiece was used. IFNA2 assembly, reflected by the
sedimentation coefficient, was assessed using SedFit (www.analyt-
icalultracentrifugation.com). The sedimentation coefficient distri-
bution, c(s), was corrected to 20 �C and water (s20,w) using
established methods [17]. Partial specific volume of IFNA2, buffer
viscosity and density were calculated using Sednterp
(www.unh.edu).

Circular dichroism (CD)

To determine IFNA2 secondary structure, CD was used. Far-UV
spectra were obtained at room temperature on a Chirascan Plus
spectrometer (Applied Photophysics, Surrey, United Kingdom).
IFNA2 stock was diluted into water to a concentration of 10 lM
and scanned between 190 nm and 250 nm. The mean residue ellip-
ticity (MRE) was calculated using the equation,

MRE ¼ CD in millidegrees=ðpathlength in millimeters

� the molar concentration of protein

� the number of residuesÞ ð1Þ
Fig. 1. Post-translation fusion complex and the corresponding protein sequence.
(A) Pictorial representation of the translated His6-SUMO-IFNA2 fusion complex
with the Ulp1 cleavage site indicated by an arrow. (B) The primary protein sequence
of IFNA2 following cleavage of the fusion tag from IFNA2, which matches with that
of the pharmaceutical product as well as the protein for which the NMR structure
has been previously determined (PDB ID 1ITF).
Mass spectrometry (MS)

In order to confirm the molecular weight and sequence of the
purified IFNA2, intact protein as well as its tryptic digest were sub-
jected to MS. The tryptic digest was carried out as previously
described [18]. Intact protein samples were injected on an Agilent
liquid chromatography system (Santa Clara, California) in conjunc-
tion with a Waters Q-TOF2 mass spectrophotometer (Millford,
Massachusetts). Tryptic digest samples were prepared using iodo-
acetamide and analyzed for amino-terminal residue identity using
an Applied Biosystems MALDI (Carlsbad, California). The experi-
mental results were compared with the molecular weights of the
theoretical digest fragments calculated from Protein Prospector
(www.ucsf.edu).

Nuclear magnetic resonance (NMR)

Two-dimensional 15N–1H heteronuclear single quantum coher-
ence (HSQC) NMR experiments were used to confirm the tertiary
structure of IFNA2. IFNA2 was singly labeled with 15N using M9 min-
imal media and expressed using cold induction for 16 hrs. For these
experiments, 100 lM IFNA2 (50 mM acetic acid, 0.02% sodium
azide, pH 3.5) was used. The NMR spectra were obtained on a Varian
900 MHz instrument equipped with a cryoprobe (Rocky Mountain
Regional 900 MHz NMR Facility). Data were processed using
nmrPipe software [19]. IFNA2 residue assignments available in the
literature [20] were used to confirm the IFNA2 structure.

Antiviral and anti-proliferative activity assays

For the antiviral assay, IFNA2 samples were tested in duplicate
in a viral challenge using Encephalomyocarditis (EMC) virus on
human A549 cells. Plates were stained with crystal violet, a visual
cytopathic effect inhibition (CPE) was performed, the dye was then
solubilized, and the absorbance at 570 nm was measured. The half
maximal effective concentration (EC50) was determined by fitting
the data to the following four parameter logistic equation,

%Cell control ¼ Bottomþ ðTop� BottomÞ=ð1
þ ðEC50=½IFNA2�Þ^Hill coefficientÞ ð2Þ

where Bottom and Top represent the minimum and maximum val-
ues of the sigmoidal variation, and [IFNA2] is the protein concentra-
tion. Commercially available interferon a-2a standard (E. coli
expressed) from PBL Assay Science as well as the 2nd WHO Interna-
tional Standard for interferon a-2a (NIBSC 95/650) were used for
comparison.

For anti-proliferation assays, the IFNA2 sample was tested in
triplicate using the human ovarian cancer cell line, Ovcar-3. Anti-
proliferation was quantified using Promega Cell Titer 96 Aqueous
Nonradioactive Cell Proliferation assay reagent (Cat# G-5430;
Madison, Wisconsin) and absorbance at 490 nm. The data were
analyzed using a four parameter logistic equation as in Eq. (2).
PBL interferon a-2a standard (E. coli expressed) and the 2nd
WHO International Standard (NIBSC 95/650) were run in parallel
for comparison.
Results

Prior to optimizing the protocol, we made numerous attempts
to obtain soluble IFNA2 from E. coli. We initially expressed IFNA2
as a soluble protein using pET-28a vector and Codon-Plus E. coli
cells. This vector introduced a His6 tag, allowing for purification
on a nickel column. However, cleaving the His6 tag with thrombin
protease following purification left two additional amino acids at
the N-terminus of IFNA2 arising from the cleavage site. In order
to ensure that the purified protein exactly matched the pharma-
ceutical protein on the market, the pET-SUMO plasmid was chosen
as the expression vector.

Design of the IFNA2 expression construct

The vector for protein expression used in this study was a mod-
ified pET-28a vector, pET-SUMO (Fig. 1A). This vector contains a
polyhistidine tag (His6) followed by SUMO (small ubiquitin related
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modifier), a yeast-derived protein whose tertiary structure is spe-
cifically recognized by the yeast cysteine protease Ulp1 [21].
Expressed IFNA2 was amino-terminally linked to the SUMO moi-
ety, as shown in Fig. 1A. The codon-optimized cDNA of IFNA2
was used to result in the expression of a protein with the sequence
shown in Fig. 1B. The expression system described would result in
a protein consisting of His6-SUMO-IFNA2.
Expression and purification of recombinant human IFNA2

The expression and purification scheme described in this study
is shown as a flowchart in Fig. 2. The inclusion of the His6 tag
allowed for simplified purification of the lysate supernatant using
Fig. 2. Schematic of expression and purification scheme optimized
a nickel column. The His6-SUMO-IFNA2 complex resulted in a pre-
dominant species close to 37 kDa (Eluate 3 lane in Fig. 3).

Cleavage of the recombinant protein complex was achieved
using the yeast protease Ulp1. A successful cleavage reaction
resulted in two distinct species observed using SDS–PAGE (post-
treatment lane in Fig. 4). The upper band, running at approxi-
mately 20 kDa, corresponded to the His6-SUMO tag, which has
been known to migrate slowly during electrophoresis resulting in
a higher molecular weight than its calculated value from amino
acid sequence (�14 kDa) [22]. The lower band seen post-cleavage
corresponds to IFNA2.

Taking advantage of the His6 affinity for nickel resin, the His6-
SUMO tag was separated from pure protein using a nickel column.
Pure, untagged IFNA2 was collected in the flow-through and wash
to obtain high yields of highly pure, soluble IFNA2 from E. coli.



Fig. 3. Purification of the His6-SUMO-IFNA2 fusion complex. The lysate fraction was
loaded onto a nickel column and the flow-through was collected. A low concen-
tration imidazole wash allowed for further removal of any bacterial contaminants.
Eluates 2–5 show the fusion complex eluting from the nickel resin, with
overexpression of the complex evident in Eluate 3 and Eluate 4 at �33 kDa.
Molecular weight markers are shown on the far left.

Fig. 4. Cleavage of the His6-SUMO tag with Ulp1 protease. Pre-treatment refers to
elution fractions from Fig. 3 prior to addition of Ulp1 protease. Following the
cleavage reaction, the post-treatment lane shows two distinct bands representing
the His6-SUMO tag and untagged IFNA2. Pure IFNA2 was collected in the flow-
through. A high concentration imidazole elution fraction removes the His6-SUMO
tag from the nickel column.
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steps of the separation (flow-through lane in Fig. 4). The cleaved
His6-SUMO tag was retained on the column until elution with a
higher concentration of imidazole (250 mM Imidazole lane in
Fig. 4).
The purification protocol introduced here yielded 16 mg of puri-
fied IFNA2 per 1 L of expression media. This yield was achieved
reproducibly with the application of the steps shown in Fig. 2.
Minor loss following freeze-thaw of IFNA2 aliquots

Numerous protein systems have been shown to be sensitive to
freeze-thaw damage via aggregation during freezing or thawing
[23,24]. Because our purified protein was flash frozen and subse-
quently stored in the frozen state, it was possible that damage
could occur either during the freezing process or as a result of
thawing. To test the sensitivity of our purified protein to freeze-
thaw stress, individual aliquots were thawed in room temperature
water and centrifuged in order to remove any potential aggregates.
The concentration of the resulting supernatant consistently was
within 10% of the approximate 100 lM aliquot concentration.
Confirmation of IFNA2 identity using biophysical and structural
methods

In order to confirm the identity of the protein obtained using
our purification protocol, numerous biophysical and structural
techniques were employed.

To determine the molecular weight of our purified protein with
high precision, liquid chromatography–mass spectrometry (LC–
MS) was utilized. The main protein peak was observed at
19.2 kDa, consistent with the calculated molecular weight from
ExPASy (Fig. 5A).

A benefit of using the pET-SUMO vector is the lack of addi-
tional amino acids on the protein of interest as a result of the
cleavage with Ulp1. To ensure that our purified protein retained
no residual amino acids on its amino-terminus, tryptically
digested gel fragments were subjected to MS analysis. A theoret-
ical tryptic digest was conducted using Protein Prospector in
which the protein primary sequence was used to calculate all
possible digest fragments with corresponding molecular weights.
Initial analysis indicated that a residual serine preceded the
expected amino-terminal fragment, evidenced by a peak at
1457 m/z (Fig. 5B). To express IFNA2 with the same sequence as
that of the pharmaceutical protein, the serine codon was removed
in a reconstructed vector. Subsequent tryptic digest analysis dem-
onstrated an amino-terminal digest fragment corresponding to
the theoretical fragment without serine at 1526 m/z, confirming
the complete removal of the His6-SUMO tag leaving no additional
amino acids on the purified protein (Fig. 5C). These m/z values
reflect carbamidomethyl modifications on the cysteine residue,
due to the sample treatment with iodoacetamide during the
tryptic digest protocol [18].

Proteins within the interferon family are characterized by pre-
dominantly a-helical structure [5]. Thus, CD was used to determine
the secondary structure of our purified protein. Stock protein was
diluted in water to a concentration of 10 lM, and its far-UV CD
spectrum is shown in Fig. 6A. The spectrum showed characteristic
negative peaks at 208 and 222 nm, consistent with a well-folded a-
helical structure. The MRE (Eq. (1)) obtained in this study agrees
well with the previously documented CD spectra for IFNA2 [25],
with minor deviations attributed to differences in buffer conditions
and pH.

Additionally, sedimentation velocity AUC experiments were
used to estimate the protein molecular weight and to determine
the assembly state of IFNA2. These results confirmed that the puri-
fied protein was a monomer in solution (Fig. 6B). The correspond-
ing molecular weight was 19.5 kDa, which is in good agreement
with the theoretical estimate (19.2 kDa) from the amino acid
sequence and the MS results (19.2 kDa).



Fig. 5. MS analysis of IFNA2. (A) Intact full-length protein injection shows a predominant peak at 19237 Da. (B) Tryptically digested IFNA2 initially showed a residual serine
on the N-terminus of the protein, indicated by the 1457 m/z peak. The inset text shows the N-terminal fragment corresponding to this m/z value. The upper and lower panels
show the spectra in the m/z range from 1440 to 1480 pre- and post-deletion of the N-terminal serine, respectively. (C) Tryptically digested IFNA2 shows the presence of the
1526 m/z peak, corresponding to the N-terminal cysteine. The inset text shows the N-terminal fragment at this m/z value. The upper and lower panels show the spectra in the
m/z range from 1500 to 1560 pre- and post-deletion of the N-terminal serine, respectively.
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The solution structure of IFNA2 has been previously determined
using 2D-NMR techniques [20]. We performed 2D-NMR HSQC
experiments at pH 3.5 to confirm the structure of our purified pro-
tein. These pH conditions were chosen to reflect the solution con-
ditions previously used to determine the IFNA2 structure. The
overlay of the HSQC spectrum of our protein with the published



Fig. 6. Biophysical characterization of IFNA2. (A) Far-UV CD spectrum of IFNA2
shows that this protein is well-folded and a-helical. (B) Sedimentation velocity AUC
demonstrates that IFNA2 is a monomer in solution at pharmaceutically relevant
concentrations.
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crosspeak assignments is shown in Fig. 7. The assigned peaks
exactly matched with the spectrum, confirming the identity and
the structure of our purified protein.
Purified IFNA2 has functional activity comparable to International
Standards

To ensure that our purified protein had functional activity, anti-
viral and anti-proliferation assays were conducted (Fig. 8). The
Fig. 7. 2D HSQC NMR spectrum of IFNA2, and comparison with the previously
published crosspeak assignments. The blue peaks correspond to IFNA2 data
collected at pH 3.5. Overlaid numerical values correspond to peak assignments as
determined by Klaus et al. [20]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
cytopathic effect inhibition (CPE) assay was used to verify IFNA2
antiviral activity against EMC viral challenge on human A549 cells.
The experimental results showed perfect agreement between our
IFNA2 and the two well-accepted standards in the interferon liter-
ature (Fig. 8A and the EC50 values in Fig. 8C). Purified IFNA2 has an
EC50 of (1.21 ± 0.92) � 10�13 M, which matches the EC50 of
(1.31 ± 1.00) � 10�13 M measured for the 2nd WHO International
Standard for interferon a-2a, NIBSC 95/650, and the EC50 of
(1.65 ± 0.76) � 10�13 M for the IFNA2 standard from the PBL Assay
Science. Similar results were obtained with the IFNA2 anti-prolifer-
ative function assessed using human ovarian cancer cells (Fig. 8B
and the EC50 values in Fig. 8C). Our IFNA2 has an EC50 of
(1.29 ± 0.08) � 10�10 M, which matches the EC50 of
(1.00 ± 0.19) � 10�10 M measured for the International Standard
NIBSC 95/650 and the EC50 of (2.14 ± 0.24) � 10�10 M for the
IFNA2 standard from PBL.
Discussion

The use of protein based pharmaceuticals is becoming increas-
ingly important in the treatment of numerous diseases for which
effective small molecule drugs are not available. The interferon
family, comprising a group of immunologic factors that are up-reg-
ulated during viral or microbial onslaught, constitutes an impor-
tant class of protein-based formulations. IFNA2 is one of the 13
interferon a subtypes found in humans, and is used pharmaceuti-
cally to treat various diseases including hepatitis c and leukemia
[4,7–10]. Other pharmaceutically available interferon drugs
include interferon a-2b and interferon b.

Human IFNA2 is not glycosylated or otherwise modified post-
translationally [12], indicating that the bacterial expression system
can be utilized. However, previously published expression and
purification schemes require (a) purification from inclusion bodies
and subsequent refolding [13–15], or (b) numerous purification
steps in order to obtain pure, homogenous protein [26]. A purifica-
tion protocol necessitating multiple steps introduces a number of
problems, such as protein stability and aggregation concerns as
well as simply increasing the time required for purification. Addi-
tionally, multiple purification steps substantially reduce the final
yield [26]. Finally, refolding following purification from inclusion
bodies may result in soluble protein losses due to membrane inter-
actions, protein aggregation, and other factors. We have overcome
these problems using a pET-SUMO expression system, which
increased the soluble protein yield, and a single purification step.
To our knowledge, ours is the first published instance of obtaining
soluble, functional IFNA2 from E. coli while still obtaining an
improved overall yield of the protein.

Expression vectors using stable, soluble proteins as fusion tags
have been shown to increase the soluble expression of complex,
sensitive proteins [22,27,28]. Such technology of using solubility
tags has been relatively less explored in expressing interferon pro-
teins, except in the case of interferon a-2c [29]. In this earlier
study, maltose binding protein (MBP) was used as a fusion tag to
enhance the soluble yield of interferon a-2c. However, unlike the
SUMO tag we used for IFNA2, cleaving the MBP tag left an addi-
tional methionine residue at the N-terminus of the protein. The
presence of additional amino acids after proteolysis is not uncom-
mon in recombinant protein expression. Most proteases recognize
specific amino acid sequences in order to cleave the tag, and the
cleavage removes majority of the tag but generally leaves a few
non-native amino acids other than the protein of interest [30]. In
that sense, pET-SUMO and Ulp1 expression system is unique,
because cleaving the SUMO tag with Ulp1 protease leaves no resid-
ual amino acids on the protein of interest. The cleavage efficiency
depends on the tertiary structure of the SUMO fusion protein in



Fig. 8. Functional assays of IFNA2 in comparison with the two well-established standards. (A) IFNA2 antiviral activity following Encephalomyocarditis (EMC) viral challenge
on human A549 cells. (B) IFNA2 anti-proliferative function against human ovarian cancer cells. Red, blue, and green symbols represent the data on our purified IFNA2, E. coli-
derived interferon a-2a standard from PBL Assay Science, and on the 2nd International WHO standard for interferon a-2a (NIBSC 95/650), respectively. (C) The EC50 values
determined from data fitting. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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addition to the specific amino acid sequence that needs to be rec-
ognized by the Ulp1 protease [21]. The proteins obtained following
the cleavage of the SUMO tag are sequentially pure. Further, using
the SUMO tag has an additional advantage in terms of increasing
the soluble expression of recombinant proteins in comparison with
other traditional solubility tags [28]. With the addition of the
SUMO tag, we obtained increased overexpression of IFNA2 in the
soluble fraction.

We expressed SUMO-IFNA2 at 16 �C rather than the standard
temperature of 37 �C commonly employed in producing recombi-
nant proteins. Cold induction has been shown to enhance the sol-
uble expression of recombinant proteins [31,32]. In the case of
SUMO-IFNA2, inducing at 37 �C or 25 �C resulted in inclusion body
formation and increased fragmentation of IFNA2. Decreasing the
temperature to 16 �C reduced the protein fragmentation, and
increased the expression of the full-length SUMO-IFNA2 as a solu-
ble protein. Additionally, a lower concentration of IPTG was used to
induce the protein expression. This allowed for slower protein
expression, thus decreasing the unwanted aggregation of improp-
erly folded protein molecules, and as a result increased the yield
of soluble protein [33].

To the best of our knowledge, this is the first study where
IFNA2 has been expressed in the soluble fraction of E. coli and
purified in a single step to homogeneity and high purity. Addi-
tionally, in comparison with other published methods using
E. coli as an expression system, we show here a reproducible
and simplified method to achieve significantly improved yields
of IFNA2 while maintaining the antiviral and anti-proliferative
activity and the structural integrity of the protein. Combining
the expression and purification protocols described here to pro-
duce IFNA2 on a small-scale with the commercial fermenter tech-
nology commonly used in pharmaceutical industry to produce
recombinant proteins may further enhance the IFNA2 yields,
and may promote the development of new interferon-based pro-
tein drugs to treat various disorders.
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