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Brief Communication
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In many hematopoietic malignancies such as lymphomas and leukemias, aberrant differentiation is the major
feature of the malignant phenotype that often results from a single genetic alteration and provides a site-
specific target for therapy. Therefore, targeting of protein-protein interactions that have been identified as
mediators of transcriptional repression that blocks normal hematopoietic differentiation holds great promise
for therapeutic applications. An example is GATA-1, a critical erythroid transcription factor that is capable
of suppressing the myeloid phenotype by down-regulating PU.1 in a dose-dependent manner. PU.1 is the most
crucial transcription factor known to be required for myeloid differentiation of hematopoietic
stem/progenitor cells. Its reduced expression correlates with a bad prognosis and immature phentoype in
acute myeloid leukemia (AML). GATA-1 downregulates PU.1 by interacting though its C-terminal zinc
finger region with the B3/B4 region of PU.1 and displacing its coactivator c-Jun. We hypothesize that
disruption of PU.1-GATA-1 interaction by mutating the B3/B4 region of PU.1 may prevent its GATA-1-
mediated repression, which in turn will upregulate PU.1 expression and hence myelopoiesis. Our analysis of
the PU.1 mutants, Lys240Arg and Tyr244Ala, revealed that they exhibit an increase in myelopoiesis in vitro.
Thus our data have implications for the prospect of targeting PU.1-GATA-1 interaction for therapeutic

intervention.
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Transcription factor PU.1 (Spi-1), which is encoded by the gene Sfpil (spleen focus-forming proviral integration 1),
belongs to ETS family of transcription factors. It is physiologically expressed in all hematopoietic cell lineages
except T-cell lineage (reviewed in Gangenahalli et al., 2005). It recognizes a purine-rich sequence motif around a
minimal core consensus, 5’-G/AGAA-3’, in transcriptional promoters of various genes expressed primarily in
myeloid and B-lymphoid lineages. PU.1 has been shown to regulate the expression of a growing list of genes in each
of these lineages. It can activate the expression of myeloid cytokine receptors such as GM-CSFR, M-CSFR, GM-
SCFR, mannose receptor and scavanger receptor and scavanger receptor, as well as lymphoid-specific interleukin-7
receptor. It can activate the expression of myeloid cytokine receptors such as granulocyte/macrophage colony
stimulating factor o (GM-CSFRa), macrophage CSF receptor (M-CSFR), granulocyte CSF receptor (G-CSFR),
mannose receptor and scavenger receptor, as well as the lymphoid-specific interleukin-7 receptor a (IL-7Ra). PU.1
binding sites also exist in the enhancer of interleukin-4 (IL-4) gene in mast cells and in the enhancers/promoters of
genes expressed during maturation and differentiation of B-lymphoid cells such as genes encoding the heavy,
joining, and light chains of immunoglobulins. Disruption of its function blocks myelopoiesis both in vitro and in
vivo. The PU.1 knockout mice show complete absence of mature monocytes and neutrophils, whereas graded
reduction in the level of its expression can induce acute myeloid leukemia (AML) (Rosenbauer et al., 2004).
However, the retroviral restoration of PU.1 expression has been shown to rescue myeloid differentiation of mutant

progenitors and AML blasts.

The PU.1 protein contains three distinct functional domains (Fig. 1a). The amino terminus contains both a highly
acidic and a glutamine-rich transactivation domain (Klemsz, 1996). The carboxy-terminal region encompasses the
evolutionarily conserved DNA-binding domain (also known as ETS domain) that contains approx. 85 amino acids
(Klemsz, 1990). The transactivation and ETS domains are linked by a PEST (P-proline, E-glutamic acid, S-serine,
T-threonine) domain also referred to as the potential protein degradation domain (Rogers, 1986). It has been
demonstrated that transcription factor GATA-1 suppresses the myeloid gene expression program by inhibiting the
PU.1 activity in a dose-dependent manner (Nerlov et al., 2000). This inhibition takes place though a direct protein-
protein interaction wherein the C-terminal zinc finger of GATA-1 physically binds with the B3/B4 region in the
DNA binding domain of PU.1 and displaces its coactivator c-Jun (Fig. 1b). c-Jun acts as an important coactivator of

PU.1 during the gene regulation of various myeloid promoters such as M-CSF receptor and macrosialin (Behre,
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1999). Thus, GATA-1-mediated repression of PU.1 leads to a block in myeloid differentiation and could contribute
to the malignant phenotype in some types of immature acute myeloid leukemia. Therefore, in order to prevent
GATA-1-mediated repression of PU.1, we considered mutating the B3/B4 region of PU.1 so as to abolish its
interaction with the repressor protein GATA-1. Here we have used a combined approach involving a detailed
sequence and structural analysis of PU.1 protein followed by mutational analysis to identify PU.1 residues (in the

3/p4 region) critical for its interaction with GATA-1.

The molecular modeling and in silico docking techniques were used to study the specific molecular contacts
between PU.1 and GATA-1 and to predict PU.1 mutants with reduced GATA-1 binding ability. The three-
dimensional (3D) models of both PU.1 and GATA-1 were generated though a fully automated comparative protein
homology modeling server SWISS-MODEL (Schwede et al., 2003; Arnold et al., 2006) (Fig. 2a,b) and
subsequently verified for their accuracy in stereochemistry, non-bonded atomic interactions, 3D profile and protein
volume using WHAT IF program (Vriend, 1990; Hooft et al., 1996) (Table 1). Prior to docking, the active site
residues were predicted in the C-terminal Zn finger of GATA-1 by using ProMateus (Neuvirth et al., 2007), a
general protein binding site analysis web tool and the solvent accessibility surface areas of the residues in interacting
regions of both the proteins were calculated using a web-based tool Parameter Optimized Surfaces (POPS) in order
to filter key interactions between molecules due to the burial of surface area upon complex formation (Tables 2 and
3) (Cavallo et al., 2002). The protein-protein docking was performed to generate minimum-energy complexes of PU.1
and GATA-1 using Hex 4.5 software (Fig. 2c¢). This led us to identify amino acid residues in PU.1 that were thought

to be critical for its physical interaction with GATA-1, viz. Lys237, Val238, Lys239 and Lys240.

Further, in order to identify the PU.1 residues specifically involved in this interaction out of the predicted ones, the
sequence analysis was performed. A PIR BLAST search followed by CLUSTAL W (version 1.81) multiple
alignment of PU.1 homologues revealed that the 33/B4 region in their DNA binding domain was highly conserved
(Altschul et al., 1989; Higgins et al., 1996). However, certain residues were not so strictly conserved and such
residues might be responsible for different functions in different proteins. For instance, in human Spi-B protein, Arg
substituted the highly conserved Lys240. Spi-B is also an ETS family transcription factor that is most closely related

to PU.1 in its DNA binding domain (Rey et al., 19). Rekhtman et al have reported that Spi-B also interacts with
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GATA-1 but the interaction between them is much weaker than that between PU.1 and GATA-1. The weaker
interaction between Spi-B and GATA-1 could be attributed to Arg240, which because of its bulky guanidinium
group might cause steric hindrance to GATA-1. Hence, we predicted a mutation Lys240Arg in the $3/B4 region of
PU.1 that would likely have reduced GATA-1 binding ability. We also decided to substitute Lys240 residue with
Ala in order to determine whether a positively charged residue at this position is necessary for interaction with
GATA-1. Since Ala is a small-sized uncharged amino acid residue, it would not affect the overall structural

conformation of a protein.

Furthermore, only Tyr244 residue in the B3/B4 region of PU.l was found to be significantly involved in
intramolecular hydrogen bonding. In order to determine the role of Tyr244 in PU.1-GATA-1 interaction, we again
performed protein-protein docking between GATA-1 and PU.1 mutant in which Tyr244 was substituted Ala (Fig.
2d). We observed a significant change in intramolecular H-bond lengths in PU.1 mutant Tyr244Ala (Table 4). Such
changes in the intramolecular H-bonding of PU.1 are likely to induce a change in the conformation of its f3/p4
region, which probably would disrupt its interaction with GATA-1. Therefore, a third mutation Tyr244Ala was
predicted. In order to validate these predictions, the above-mentioned mutants were generated by PCR-based site-
directed mutagenesis and evaluated for enhanced myelopoiesis. The precise regulation of wild type PU.1 and its
mutants in host cells is crucial as their deregulated overexpression would certainly lead to oncogenic conditions,
thus necessitating the use of regulatable expression system. Therefore, prior to mutagenesis, wild type PU.1 was
subcloned in an inducible mammalian gene expression vector, pTRE2 that uses a doxycycline-dependent

transcriptional switch for controlling gene expression (Gossen et al., 1994; 1995).

A T-lymphoblast cell line Jurkat E6.1 that lacks endogenous expression of PU.1 was used to study the effects of
regulated overexpression of PU.1 mutants. The wild type PU.1 as well as mutants were transfected and stable cell
lines were made. Since the point mutations in PU.1 were made in its DNA binding domain (B3/B4 region), we
determined the DNA binding ability of these mutants (Lys240Arg, Lys240Ala and Tyr244Ala) through
electrophoretic mobility shift assay (EMSA). Double stranded oligonucleotides containing PU.1 consensus site in
the M-CSF receptor promoter were used as probes, which were end-labeled with [y-**P] dATP. Different

concentrations of nuclear extract of cells expressing wild type PU.1 as well as mutants were incubated with the
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labeled probe. A shift was observed with all concentrations of PU.1, however, the protein: DNA binding was found
to increase with increasing concentrations of the protein (Fig. 3a,c). Thus DNA binding ability of PU.1 was not
disrupted upon making mutations in its DNA binding domain. In order to determine the specificity of PU.1 protein
for its DNA binding site, a competitive EMSA was performed using excess concentrations of unlabeled specific and
non-specific probes (Fig. 3b). On using 1:2 and 1:10 concentrations of labeled:unlabeled specific probe, no shift was
observed because the excess of unlabeled specific probe competed with labeled specific probe. However, in case of
non-specific probe, a clear shift was observed at both 1:2 and 1:10 concentrations, as the non-specific probe did not

compete with labeled specific probe. These results suggest that PU.1 binds to its specific DNA binding site.

The effects of overexpression of wild type PU.1 and mutants in Jurkat E6.1 cells were determined by flow
cytometry for myeloid-cell specific markers CD33 and CD116 (GM-CSF receptor ). An increase was observed in
CD33 and CD116 expression in cells overexpressing wild type PU.1 and mutants after 72 h of induction, but there
was no change in the expression of T-cell marker CD3. The maximum increase in CD33 expression was found in
case of mutants Tyr244Ala (17% more than wild type PU.1) (P=0.05) and Lys240Arg (13%) (P=0.02) as compared
to the wild type PU.1 (Fig. 4a,b). Similarly, we found an increase in CD116 expression in cells overexpressing
mutants Lys240Arg and Tyr244Ala by 45% (P<0.01) and 42% (P<0.01) respectively as compared to wild type PU.1
(Fig. 4c,d). This suggests that the mutants Tyr244Ala and Lys240Arg have a higher potential of generating myeloid
cells and this could be due to their weaker interaction with the interacting protein GATA-1. Interestingly, the
overexpression of wild type PU.1 and its mutants had no effect on the expression of T-lymphocyte marker CD3,
which is characteristic of Jurkat cells (Fig. 5). This is in accordance with the previously established fact that

expression of PU.1 gene is not required for the development of T-cells (Spain et al., 1999).

We also assessed the effects of overexpression of wild type PU.1 and its mutants in CD34" human hematopoietic
stem cells (HSCs) isolated from bone marrow by determining their ability to express myeloid marker CD33 after 96
h of doxycycline induction. A slight increase was observed in the expression of CD33 in cells overexpressing wild
type PU.1 and mutants Lys240Arg and Lys240Ala, but there was a significant (32%) (P<0.01) increase in CD33
expression in case of HSCs overexpressing mutant Tyr244Ala (Fig. 4e,f). This suggests that the mutant Tyr244Ala

has the highest potential for generating myeloid cells. This result is also in correlation with our in silico studies. The
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structural changes inflicted on PU.1 by the mutation Tyr244Ala might be responsible for its reduced interaction with
GATA-1 protein, which in turn might have led to an increase in the expression of myeloid marker CD33 in the

HSCs expressing Tyr244Ala mutant.

Thus, we conclude that overexpression of PU.1 and its mutants Lys240Arg and Tyr244Ala increases myeloid
lineage formation in human CD34" progenitor cells as well as cells that are already committed to other lineages.
Therefore, we propose that PU.1 mutants Lys240Arg and Tyr244Ala have higher potential for myelopoiesis and this
could be attributed to their reduced binding with the repressor protein GATA-L. Further studies such as colony
formation assays will define more precisely the mechanism underlying PU.1 and GATA-1 antagonism as well as
enhanced myeloid lineage formation ability of PU.1 mutants and ultimately may lead to the development of

approaches for better differentiation therapy.
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FIGURE LEGENDS

Figure 1. (@) Schematic diagram of PU.1. PU.1 has three functional domains, the amino terminal transactivation domain (TAD)
(amino acids 1-86), the PEST domain (118-160) and the carboxy terminal ETS DNA binding domain (160-264). (b) GATA-1
inhibits PU.1 function. The C-terminal Zn finger of GATA-1 interacts with the P3/p4 region of PU.1, and displaces its

coactivator c-Jun, thus repressing PU.1’s function in a dose-dependent manner.

Figure. 2. Generation of 3D models of PU.1 and GATA-1 and their protein-protein docking. (a) 3D model of PU.1 DNA

binding domain (residues 163-252) (based on the X-ray diffraction coordinates of PU.1-DNA complex; protein data bank code,

11
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1pueF) (Kodandpani et al., 1996) was generated through SWISS-MODEL. The B3/B4 region (residues 234-246) has been
highlighted in green color. (b) 3D model of GATA-1 (residues 252-316) (based on the NMR spectroscopic data of GATA-1-
DNA complex; protein data bank code, gatl) (Tjandra et al., 1997) was generated by SWISS-MODEL. The C-terminal zinc
finger of GATA-1 (residues 252-282) has been colored green. (c) Protein-protein complex between wild type PU.1 and GATA-1
as obtained by protein-protein docking between the two proteins using software Hex 4.5 (Ritchie, 2000, 2003). The B3/B4 region
of PU.1 interacts with the C-terminal zinc finger of GATA-1. The expected ligand-binding site PU.1 was positioned close to the
c-terminal zinc finger residues of GATA-1 and docking was performed with receptor cutoff angle of 180°. (d) Protein-protein
docking between Tyr244Ala mutant and GATA-1 performed by using Hex 4.5 software. The B3/B4 region of PU.1 does not

interact with the C-terminal zinc finger of GATA-1.

Figure 3. DNA binding ability of PU.1 mutants. EMSA performed with nuclear extracts (NE) of Jurkat E6.1 cells transfected
with wild type (WT) PU.1. Double stranded probes were end-labeled with [y-**P] dATP (BRIT, India) at a concentration of 10
mCi/reaction and purified using QIAGEN spin columns. The DNA binding reaction was performed at 4 °C for 1 hr in a total
volume of 30 ul containing 5X bhinding buffer (1 M HEPES (pH 8.0), 250 mM KCI, 2.5 mM DTT, 0.25 mM EDTA, 5 mM
MgCl,, 25% Glycerol). The protein-DNA complexes were resolved in non-denaturing 4% polyacrylamide gel containing 2%
glycerol in TBE buffer (1X: 89mM Tris-base, 89mM Boric acid, 2mM EDTA). Autoradiography was performed on dry gels
using Phosphor Imager (Amersham Biosciences). (a) Increasing amounts of NE from cells expressing WT PU.1 were incubated
with labeled probe (Lanes 4-8). PU.1-DNA binding increased with increasing amounts of NE. (b) Competition assay with
unlabeled specific and non-specific probes (1:2 and 1:10 concentrations). Unlabeled specific probe competed with labeled probe;
therefore no shift was observed (lanes 5 and 6). Unlabeled non-specific probe failed to compete with labeled probe; therefore a
shift was observed (lanes 7 and 8). (¢c) EMSA performed with NE of transfectants overexpressing PU.1 mutants. Increasing
concentrations of NE of mutants Lys240Arg (K240R), Lys240Ala (K240A) and Tyr244Ala (Y244A) were incubated with
labeled probe. All the mutants were able to bind DNA, with increase in DNA binding ability upon increasing protein

concentration. (Arrows on the right side of both the panels indicate the relative positions of PU.1-DNA complexes; x=15ug).

Oligonucleotide having a nucleotide exchange within the recognition region (PU.1 binding site underlined with mutated site
bold) was used as a non-specific probe for competition assay. Primers: PU.1 Wt (sense): 5-GCC TAG CTA AAA GGG GAA
GAA GAG GAT CAG A-3'; PU.1 Wt (antisense): 5'-TCT GAT CCT CTT CTT CCC CTT TTA GCT AGG C-3’ ; Non-specific
probe (sense): 5'-GCC TAG CTA AAA GGTTAA GAA GAG GAT CAG A-3' ; Non-specific probe (antisense): 5'-TCT GAT

CCTCTT AACCTT TTAGCT AGG C-3'

12
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Figure 4. Effects of overexpression of PU.1 and mutants in Jurkat E6.1 cells and HSCs. 1 x 10° transfected cells were
washed twice with PBS and permeabilized using 1 ml of permeabilization buffer (0.5% (v/v) Tween in PBS) for 15 min and
subsequently washed with staining buffer (2% FCS, 0.1% BSA and 0.1% sodium azide in PBS). The cells were then stained with
the primary antibody for 45 min at 4 °C. The cells were washed 2-3 times with staining buffer and were further incubated with
the fluorochrome-conjugated secondary antibody for 45 min at 4 °C. The cells were again washed 2-3 times with the staining
buffer and were fixed with the 0.2% paraformaldehyde at 4 °C for 20 min and finally analysed under the flow cytometer FACS
Caliber (BD Biosciences). FITC-conjugated mouse mono anti-human CD33 was purchased from Koma Biotech Inc. Mouse anti-
human CD3 FITC and mouse anti-human CD116 (GM-CSFRa) FITC were procured from BD Pharmingen. The flow cytometric
data was analysed using WinMDI 2.8 (Windows Multiple Document Interface). (a,b,c,d) Levels of CD33 and CD116 expression
as measured by flow cytometry after 72 h of doxycycline induction. The levels of myeloid differentiation are shown in (a and c)
as percentage of cells expressing CD33 and CD116 respectively alongside histograms and in (b and d) as mean fluorescence of
cells expressing CD33 and CD116 respectively in each cell population. An increase in expression of CD33 and CD116 was found
in Lys240Arg and Tyr244Ala transfectants. The maximum increase in CD33 expression was found in case of mutants Tyr244Ala
(17% more than wild type PU.1) (P=0.05) and Lys240Arg (13%) (P=0.02) as compared to the wild type PU.1. An increase was
found in CD116 expression in cells overexpressing mutants Lys240Arg and Tyr244Ala by 45% (P<0.01) and 42% (P<0.01)
respectively as compared to wild type PU.1. (P<0.5 is taken as significant) (e,f) Level of CD33 expression in bone marrow-
derived CD34" HSCs transfected with WT PU.1 and mutants after 96 h of doxycycline induction. An increase in CD33
expression was found in HSCs transfected with PU.1 mutant Tyr244Ala as shown in (e) percentage of cells expressing CD33
alongside histograms and in (f) as bar graph showing mean fluorescence of cells expressing CD33 in each cell population. A
significant (32%) (P<0.01) increase was observed in CD33 expression in case of HSCs overexpressing mutant Tyr244Ala. The
above result represents the data obtained from two individual experiments. (Grey bars represent cells expressing CD33/CD116;

Black bars represent cells not expressing CD33/CD116).
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Table 1: Validation of 3D models of PU.1 and GATA-1 through WHAT IF

Validity Checks Executed Expected  Observed value  Observed value
value for PU.1 for GATA-1
Missing atoms, PU.1 0 Not detected Not detected
Ramachandran Z-score 4to+4 -2.563 (OK) -4.174 (very low)
All Bond Lengths 1.0 0.670 (OK) 0.626 (tight)
Bond length variability - 0.013 (Normal)  0.013 (Low)
Bond Angles 1.0 0.907 (OK) 1.018
Bond angle variability - 1.726 (Normal)  1.887 (Normal)
Chirality - OK Deviations
chi-1/chi-2 angle correlation Z-score -4 to +4 -1.915 (OK) -1.400 (OK)
Backbone conformation Z-score -4 10 +4 -0.801 (OK) -3.686 (poor)
Ist Generation Packing quality -4 10 +4 -0.656 (OK) -6.663 (bad)
IInd generation packing quality 4to+4 -1.065 (OK) -3.575 (poor)
Inside/Outside distribution <15 0.898 1.024 (Normal)

Table 2: Solvent accessible surface area (SASA) for PU.1 ETS domain residues

Residue PU.1  Complex Complex Complex Complex Complex

alone | I i \V; v

Lys237 8638 86.8 444 86.8 68.4 63.1
(48.84%)

Val238 655 65.5 234 65.5 382 50.1
(64.27%)

Lys239 1735 1735 56.0 1735 94.6 144.8
(67.72%)

Lys240 1556 1556 86.0 155.6 95.0 149.1
(44.73%)

Table 3: Solvent accessibility surface area for GATA-1 C-terminal zinc finger residues

Residue GATA-1 Complex Complex Complex Complex Complex

alone | I 1l \Y v

Lys252 2209 1448 1219 163.9 1721 2209
(44.81%)

Leu268 716 24.0 375 29.9 220 61.6
(47.62%)

Trp 269 515 219 221 265 241 412
(57.08%)

Arg270 817 38.1 38.1 431 555 55.0
(53.36%)

Arg271 1083 49.0 465 54.3 82.8 713
(57.06%)

Asn272 590 337 34.1 36.4 52.9 395
(42.2%)
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(Among five minimum energy complexes of PU.1 and GATA-1, the complex Il showed
maximum decrease in SASA value for PU.1 as well as GATA-1 upon complex formation.
Percentage decrease in SASA values has been indicated in parentheses)

Table 4:Changes in intramolecular H-bonding upon mutating Tyr244 to Ala.

S.No.  Intramolecular H-bonds Wild type Mutant
Complex 2 Tyr244Ala

Bond length  Bond length

(A°) (AY)
1 TYR219:HH-TYR244:0H 2.03096 -
2 TYR244:H-PHE193:0 1.97839 291411
3 LYS240:HN-VAL23 8:0 1.60888 2.46963
4 ARG175:HH22-LEU251:0XT  -- 2.10312
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