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The dual functional signal transducers and activators of transcription (STAT) proteins are latent cytoplasmic 
transcription factors that play crucial roles in host defense. Animals that lack these proteins are highly susceptible to 
microbial and viral infections and chemically induced primary tumours. We have over expressed the amino-
terminal domain of human STAT1 (hSTAT1) in Escherichia coli and purified it by affinity chromatography and 
gel filtration chromatography. The entire process has been monitored by gel electrophoresis. The pure protein  
has been characterized by mass spectrometry and 2-dimensional nuclear magnetic resonance (2D-NMR) 
spectroscopy. Our results indicate that the N-terminus of hSTAT1 exists as a dimer in solution. 

[Prabhu A, Coutinho E and Srivastava S 2005 The amino-terminal domain of human signal transducers and activators of transcription 1: 
Overexpression, purification and characterization; J. Biosci. 30 611–618] 

 
1. Introduction 

Interferons (IFNs) play key roles in a variety of cellular 
functions in the human body such as mediating antiviral 
responses, regulation of cell growth and tumour surveil-
lance (Bach et al 1997; Boehm et al 1997; Darnell et al 
1994; Stark et al 1998). They are also involved in modu-
lating immune responses (Durbin et al 1996; Meraz et al 
1996). IFNs are essential for the survival of higher verte-
brates because they provide an early line of defense 
against viral infections – hours to days before immune 
responses commence. The main IFN signalling pathways 
are rapid and direct and involve the activation of signal 
transducers and activators of transcription (STAT) fac-

tors by Janus tyrosine kinases (JAKs) at the cell mem-
brane. This is followed by the release of the STAT 
proteins and their migration to the nucleus where they 
accumulate to drive transcription. 
 At least seven STATs and four JAKs have already been 
identified (Darnell 1997). The JAKs activate the STAT 
proteins through phosphorylation of a specific tyrosine 
residue (Darnell et al 1994; Schindler and Darnell 1995). 
Thereafter, the STAT proteins form homo- and hetero-
dimers through mutual phosphotyrosine Src homology 
region 2 (SH2) interactions (Qureshi et al 1995; Shuai et 
al 1994). This dimerization of STAT is an essential step 
as it provides a means of disengagement from the recep-
tor or kinase, following which the STAT proteins migrate 
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to the nucleus. Here they induce the expression of many 
gene products involved in immune responses, cell growth 
and differentiation, cell survival and apoptosis. STAT 
dimers interact with each other and with several different 
transcription factors, primarily through the N-terminal 
domain (Kumar et al 1997; Xu et al 1996). Thus, deve-
lopment of small molecules that bind to the amino-
terminal domain of the STAT protein so as to prevent its 
dimerization might be a useful strategy in the develop-
ment of immunosuppressant drugs. 
 All immunosuppressants currently used for organ trans-
plant and autoimmune diseases have ubiquitously expres-
sed targets. This results in major complications during 
therapy, and serious side effects such as nephrotoxicity, 
neurotoxicity, bone loss, cataracts, new-onset post-trans-
plant diabetes mellitus, hyperlipidaemia and hypertension 
(Hong and Kahan 2000). Targeting the JAK-STAT pro-
teins which are restricted in their expression to immune 
cells would provide effective immunosuppression with-
out the toxicity that is associated with present therapies. 
 The physiological relevance of the JAK-STAT path-
way in IFNγ signalling has been established unequivo-
cally through the generation and characterization of mice 
with a targeted disruption of the STAT1 gene (Durbin et 
al 1996; Meraz et al 1996). STAT1-knockout mice show 
normal tissue and organ development, produce normal 
numbers and distributions of immune cell populations, 
and are able to reproduce. However, cells from these 
mice are incapable of manifesting any biologic responses 
to either IFNγ or IFNα and the mice display severe de-
fects in their ability to resist microbial and viral infec-
tions. 
 Recent publications have established important con-
nections between STAT1 and the CBP/p300 transcription 
factors (CREB binding protein). Specifically, two inter-
action regions have been identified: the amino terminal 
(N-terminal) region which interacts with the (cyclic-AMP 
response element binding protein) CREB-binding domain 
of CBP/p300 and the C-terminal region of STAT1 which 
interacts with the domain of CBP/p300 which is also 
known to be involved in the binding to the adenovirus 
protein E1A (Zhang et al 1996). As CBP/p300 binding is 
required for the adenovirus E1A protein to regulate tran-
scription of many genes during viral replication and cel-
lular transformation, it is possible that the antiviral effect 
of IFNγ is based at least in part on direct competition 
between nuclear STAT1 and E1A for CBP/p300 binding. 
 Thus the N-terminal domain of STAT1 seems to be 
crucial to its intrinsic activity. As a first step towards 
understanding the various STAT1 interactions, we have 
over expressed the amino-terminal domain of STAT1 in 
Escherichia coli as a glutathione S-transferase (GST)-
tagged fusion protein. The strategy of affinity chromato-
graphy to selectively extract the fusion protein, cleavage 

of the tag and further purification on a gel filtration col-
umn yielded a protein with a high degree of purity. This 
protein has been characterized by mass spectrometry and 
2-dimensional nuclear magnetic resonance (2D-NMR) 
spectroscopy and was found to have a well ordered con-
formation in solution. 

2. Materials and methods 

The N-terminal domain of human STAT1 (hSTAT1) com-
prises 128 amino acid residues and has a molecular weight 
of 15⋅56 kDa. Its theoretical isoelectric point (pI) is 4⋅98 
and it has an extinction coefficient of 23470 (M–1 cm–1) 
at 280 nm (http://expasy.org/cgi-bin/protparam). 

2.1 Expression and purification of N-terminal hSTAT1 

2.1a Transformation: The cDNA encoding the N-terminal 
128 amino acids of hSTAT1 fused to a glutathione S-
transferase (GST) moiety was cloned into the expression 
vector pGEX-2T (Amersham Biosciences, USA) and 
used to transform the E. coli strain BL21 (DE3, Nova-
gen) using the method of Hanahan (1983). 
 
2.1b Protein expression: The transformants were checked 
for protein expression by growing them at 37°C in 10 ml 
of M9 minimal medium (Sambrook and Russell 2001) 
containing 100 µg/ml of ampicillin to mid log phase as 
indicated by the absorbance of 0⋅6 in the visible range at 
600 nm (A600). Following this, the inducer isopropyl β-D-
thiogalactopyranoside (IPTG) (Sigma-Aldrich Co., USA) 
was added to a final concentration of 1 mM and the cells 
were grown for an additional 5 h. Two such transfor-
mants were screened for protein expression on sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) under reducing conditions as described by 
Laemmli (1970). Reducing PAGE analysis was per-
formed in a 12% polyacrylamide gel in the presence of 
SDS after reduction of protein by dithiothreitol (DTT) 
and heating at 95°C. 
 Cells from single, ampicillin-resistant transformed 
colonies of E. coli were grown to saturation at 37°C in 
M9 minimal media containing 0⋅68% Na2HPO4 (Sigma-
Aldrich Co. USA); 0⋅3% KH2PO4 (SD Fine-Chem Ltd., 
India); 0⋅06% NaCl (Qualigens Fine Chemicals, India); 
0⋅1% NH4Cl (SRL, India) and supplemented with 0⋅4% 
glucose (Qualigens Fine Chemicals, India); 2 mM MgSO4 
(E Merck, India); 0⋅1 mM CaCl2 (SRL, India); 0⋅04% 
CAS amino acids (Sigma Chemical Co., USA); and 0⋅01% 
ampicillin (Sigma Chemical Co., USA). The saturated 
cultures were diluted 100-fold in the same medium and 
grown in shake-flasks to mid-log phase (A600 = 0⋅6) at 
which time isopropyl β-D-thiogalactopyranoside (IPTG) 
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was added to a final concentration of 1 mM. After 5 h, 
the cells were harvested by centrifugation at 4500 rpm 
for 1 h using a Beckman Sorvall (GSA rotor) centrifuge. 
15N-labelled N-terminal hSTAT1 was expressed in M9 
minimal medium containing 0⋅1% of 15NH4Cl (Spectra 
Stable Isotopes, USA). 
 
2.1c Preparation of the cell extract: E. coli cells con-
taining N-terminal hSTAT1 (1–128) were diluted 100-
fold in phosphate buffered saline (PBS) (Sambrook and 
Russell 2001) containing 0⋅1% lysozyme (Sigma Chemi-
cal Co., USA) and incubated at 4°C for 30 min. Triton X-
100 (Roche Diagnostics Corporation, USA) at 0⋅001% 
concentration was forcibly injected into the cell lysate. 
DNase (Amersham Biosciences, USA) and RNase (Am-
ersham Biosciences, USA) were added to the solution to 
a final concentration of 1 µg/ml and incubation was con-
tinued for a further 30 min. DTT (Sigma-Aldrich Co., USA) 
was added to a final concentration of 1 mM and the cells 
were ruptured by sonication while cooling on ice with 
seven pulses at full power with a gap of at least 2 min 
between pulses. A soluble extract was prepared by centri-
fuging the disrupted cell suspension at 8500 rpm for 1 h 
at 4°C. The supernatant was filtered through a sterile 
0⋅45 µm syringe filter.  
 
2.1d Purification of the fusion protein: The clear cell 
lysate was combined with glutathione-agarose beads 
(50% slurry in PBS, Amersham Biosciences, USA) in the 
proportion of one part of beads to thousand parts of cell 
culture volume and shaken gently at 4°C for 2 h. The 
unbound proteins were washed from the beads with PBS 
buffer till the UV absorption of the eluate at 280 nm showed 
no presence of protein. 
 The protein profile of each step (cell culture, cell ex-
tract and washes) was analysed by SDS-PAGE (Davis 
1964; Ornstein 1964). 
 
2.1e Proteolytic cleavage of the target protein from the 
bound GST moiety: Thrombin protease (Amersham Bio-
sciences, USA) in the proportion of 50 units per ml of 
glutathione agarose resin was added to the beads in 1 ml 
of PBS. The mixture was agitated gently and incubated 
for 24 h at room temperature. The cleaved protein was 
eluted from the beads using PBS and concentrated to 
2 ml by ultrafiltration through a 3 kDa membrane filter. 
The processes of thrombin cleavage and sample concen-
tration were monitored by SDS-PAGE. 
 
2.1f Gel filtration chromatography: A 2 ml aliquot of the 
concentrated protein solution (concentration 0⋅25 mM) 
was injected onto a Superdex Hi load-16/60 gel filtration 
FPLC column (Amersham Biosciences, 60 cm, 120 ml) 
and developed under a flow rate of 1 ml/min of column 

buffer [PBS, 1 mM EDTA (SRL, India), 1 mM DTT]. N-
terminal hSTAT1 eluted as a dimer appearing in the mo-
bile phase fractions collected between 60 and 80 ml after 
the start of the chromatogram. The molecular weight of 
the eluted protein was confirmed by injecting a standard 
sample (carbonic anhydrase; MW 29 kDa) and develop-
ing it under similar conditions as the sample protein. 
 The fractions containing the N-terminal STAT dimer 
were concentrated to a final volume of 500 µl using ul-
trafiltration (concentration 0⋅5 mM). The purity of the 
protein sample was confirmed by SDS-PAGE. The con-
centration of the pure protein in the final sample was de-
termined from its absorbance at 280 nm. 

2.2 Characterization 

The purified protein was characterized by matrix assisted 
laser desorption/ionization (MALDI) and NMR spectros-
copy. 

 
2.2a MALDI: The MALDI spectrum of the purified 
protein was recorded on a Micromass MALDI-TOF (lin-
ear) mass spectrometer. A 10 µM solution mixed with a 
Sinnapinnic acid matrix was used for acquiring the mass 
profile. 

 
2.2b NMR spectroscopy: NMR experiments were recor-
ded on a Varian Unity Plus 600 MHz NMR spectrometer 
equipped with pulsed field gradients. A [1H–15N] HSQC 
(Kay et al 1992; Palmer et al 1991; Schleucher et al 
1994) spectrum was recorded at 25°C. 1H shifts were 
referenced with respect to the water signal at 4⋅702 ppm 
and 15N chemical shifts were referenced indirectly 
(Wishart et al 1995). The protein had all its nitrogens 
uniformly labelled with 15N as 15NH4Cl was used as the 
sole source of nitrogen during cell growth and protein 
expression. The NMR spectrum was recorded at a con-
centration of 0⋅5 mM at a pH of 6⋅5. 

 
2.2c Secondary structure prediction: Several algo-
rithms were used for the prediction of the secondary 
structure of N-terminal hSTAT1. Protein databases of 
functional motifs (PROSITE) (Bairoch et al 1997) and 
putative protein domains (PRODOM) (Sonnhammer and 
Kahn 1994) were searched for motifs and domains which 
correspond to the N-terminal STAT1 protein. Chemically 
conserved amino acid residues were identified and the 
secondary structural elements were predicted using dif-
ferent algorithms like hidden Markov model (HMM) 
(Karplus et al 1998), neural networks (Baldi et al 1999; 
Pollastri et al 2002) and multiple sequence alignments 
(Sander and Schneider 1991). 
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3. Results 

E. coli BL21/DE3 cells containing the GST-fused N-
terminal STAT1 expression vector (pGEX-2T) were grown 
to mid log phase in minimal M9 media at 37°C and in-
duced for several hours with IPTG after which the total, 
soluble protein was extracted in the lysis buffer by ly-
sozyme treatment and sonication. Small aliquots were 
analysed by SDS-PAGE at various stages along with 
samples from the uninduced and induced BL21/DE3 
cells. The results are shown in figure 1. These indicate 
that upon induction with IPTG, GST-tagged N-terminal 
STAT1 (42 kDa) accumulates to high concentrations 
(figure 1, lane 2) and virtually all of this material is solu-
ble in the crude cell extract (figure 1, lane 3). 
 The cell extract was sonicated and the clear sonicate 
was allowed to react with glutathione agarose beads for 
affinity binding of the GST-tagged protein. Fusion pro-
teins expressed from pGEX vectors containing a GST 
moiety can be purified to near homogeneity by affinity 
chromatography on glutathione-agarose (Smith and John-
son 1988). As the affinity of GST for its substrate is in 
the submillimolar range, immobilization of glutathione on 
an agarose matrix makes a highly efficient affinity chro-
matography resin. The eluent from the previous operation 
which contains the unbound fraction shows complete 
absence of any GST-tagged protein (figure 1, lane 4), 
which proves the efficiency of the affinity binding proc-
ess. The glutathione agarose beads were washed with the 

binding buffer (PBS) till no residual material appeared in 
the effluent. This was confirmed by checking the absorb-
ance of the eluate at 280 nm. 
 The GST fragment was then removed from the tagged 
protein and the untagged protein was eluted out from the 
beads in a single step by treatment with thrombin protease 
for 24 h. Fusion proteins containing a thrombin recogni-
tion site can be easily cleaved from the fused tag with 
thrombin protease (Gearing et al 1989; Smith and John-
son 1988). Small aliquots of the cleaved protein were 
tested at intervals on SDS-PAGE shown in figure 2 (lanes 1 
and 2). Completion of thrombin cleavage was confirmed 
by eluting the fraction containing GST tag from the beads 
with elution buffer (50 mM Tris-HCl, 10 mM reduced 
glutathione, pH 8⋅0) and analysing by SDS-PAGE. Com-
plete cleavage of GST-tagged protein is indicated by ab-
sence of a band at 42 kDa (GST-tagged STAT1). 
 The cleaved protein was concentrated by ultrafiltration 
to a volume of 2 ml (0⋅25 mM) and then subjected to gel 
filtration chromatography. A small aliquot was checked by 
SDS-PAGE (figure 2, lane 4) which shows that the sam-
ple had a high degree of purity. 
 The results of gel filtration chromatography are shown 
in figure 3. The FPLC chromatogram shows that the N-
terminal STAT1 exists as a dimer with a molecular weight 
slightly more than 29 kDa. The fractions from the FPLC 
eluate, which contained the dimer, were concentrated by 
ultrafiltration to a volume of 500 µl (concentration 

 
Figure 1. Reducing SDS-PAGE analysis during protein puri-
fication. Lane 1, noninduced cell culture; lane 2, cell culture 
after induction with IPTG; lane 3, cell lysate after lysozyme 
treatment and sonication; lane 4, unbound fraction after affinity 
chromatography; lanes 5 and 6, eluate after washing with 5 ml 
and 10 ml PBS respectively; lane 7, molecular weight marker. 
 

 
Figure 2. Reducing SDS-PAGE analysis during the processes 
of thrombin cleavage and sample concentration (before and 
after gel filtration chromatography). Lane 1, eluate after 8 h of 
treatment with thrombin protease; lane 2, eluate after 24 h of 
treatment with thrombin protease; lane 3, molecular weight 
marker; lane 4, protein concentrate after affinity chromatogra-
phy; lane 5, protein concentrate after gel filtration chromatog-
raphy (FPLC). 
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0⋅5 mM) and its purity was checked by SDS-PAGE (fig-
ure 2, lane 5). This final sample shows a single band at 
15 kDa. Thus, the dimeric FPLC fraction of N-terminal 
STAT1 appears as a monomer on the denaturing  
SDS-PAGE gel. By the above method, 2 mg of the purified 
protein could be recovered per liter of the starting cul-
ture. 
 The pure protein was characterized by mass spectros-
copy (MALDI) and 2-dimensional heteronuclear NMR 
spectroscopy. The MALDI spectrum in figure 4 shows  
a predominant peak at about 15 kDa. This leads to the 
inference that in dilute solutions such as that required for 
the mass measurement, the protein could exist as a 
monomer. However this monomeric state could also be 
an artifact of ionization during the mass spectrometric 
measurement. 

4. Discussion 

The [1H–15N–] HSQC NMR spectrum in figure 5 shows a 
good dispersion of the HN–N resonances including the 
backbone amide and the side chain amino protons. This 
indicates that N-terminal STAT1 has a well-structured 
conformation in solution. However, even after making 
allowances for some spectral overlap, the number of 
peaks in the HSQC spectrum corresponds more closely to 
the monomer than a dimeric molecule. This could also 

arise from a symmetric dimer for this protein. A similar 
result was observed for the N-terminal domain of human 
STAT4 (Baden et al 1998). An asymmetrical arrange-
ment of the secondary structural elements in the molecule 
would have resulted in the presence of almost twice as 
many HN–N resonances. Recently the crystal structure of 
unphosphorylated STAT1 (1–683) complexed with a 
phosphopeptide derived from the alpha chain of inter-
feron gamma (IFNγ) receptor, has been determined by X-
ray crystallography (Mao et al 2005). Analyses of both 
the wild-type and mutant STAT1 proteins have shown 
that STAT1 is predominantly dimeric prior to activation, 
and the dimer is mediated by interactions of the N-terminal 
domain. Our FPLC and NMR show that the dimeric state 
is indeed a reality for the amino terminal domain of 
STAT1. 
 All the methods used for structure prediction indicate 
the presence of six helices spread through the length of 
the protein. In some of the methods, the last three helices 
towards the C-terminal end show discontinuous stretches 
of alpha features with intervening loops. This results in 
an increase in the number of helices to seven or eight. 
The beginning and end positions of each helix also varies 
among the different methods by a few residues. A con-
sensus prediction (figure 6) over all the methods returned 
a structure which could be classified as ‘all-alpha’ with 
about 73% of the protein being made up of alpha helices 
and the rest being characterized as loop regions. 

 
Figure 3. Fast performance liquid chromatogram (FPLC) of N-terminal STAT1 purified by affinity 
chromatography. Arrows at bottom of plot shows the elution profile of protein molecular weight stan-
dards. (Gel filteration molecular weight markers, Product code MW-GF-200, Sigma.) (1) β-Amylase (mw 
200 kDa) elutes at 50⋅3 ml. (2) Alcohol dehydrogenase (mw 150 kDa) elutes at 54⋅7 ml. (3) Bovine se-
rum albumin (mw 66 kDa) elutes at 61⋅8 ml. (4) Carbonic anhydrase (mw 29 kDa) elutes at 66⋅3 ml. (5) 
Cytochrome C (mw 12⋅4 kDa) elutes at 72⋅4 ml. 
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 The various domains of the signal transducers and 
transcription activator factors have generated a lot of  
interest in the last few years for their individual contribu-
tion towards biological function (Becker et al 1998; Chen 
et al 1998; Darnell et al 1994). The N-terminal domain of 
STAT1 has been shown to be stable to proteolytic treat-
ments (Vinkemeier et al 1996). This coupled with the 
fact that the N-termini of the various STATs share high 
sequence homology indicates a significant role for the N-
terminal amino acids in STAT signalling (Becker et al 
1998; Chen et al 1998; Murphy et al 2000). 
 The crystal structure of the amino-terminus of STAT4 
(residues 1–130) has been solved independently of the core 
structure and shows a series of eight short helices (Vinke-
meier et al 1998). The X-ray crystal structure of unphos-
phorylated STAT1 (pdb code 1YVL) as well as several 
secondary structure prediction algorithms, point to a similar 
conformation for the amino-terminal domain of STAT1. 
We have shown that the N-terminal domain of STAT1 can 
be purified by affinity chromatography. Moreover, our re-
sults indicate that the protein has an inherent tendency to 
dimerize. This molecule is a promising candidate for de-
tailed NMR characterization for its 3-dimensional struc-
ture as evidenced by our [1H–15N–] HSQC NMR results. 

 
 

Figure 4. Mass spectrum (MALDI) of N-terminal STAT1. 
 

 
Figure 5. [15N–1H] HSQC spectrum of N-terminal STAT1. 
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