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Abstract

The signal transducer and activator of transcription 3 (STAT3) protein is acti-
vated by phosphorylation of a specific tyrosine residue (Tyr705) in response to various
extracellular signals. STAT3 activity was also found to be regulated by acetylation
of Lys685. However, the molecular mechanism by which Lys685 acetylation affects

the transcriptional activity of STAT3 remains elusive. By genetically encoding the
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co-translational incorporation of acetyl-lysine into position Lys685 and co-expression
with the Elk receptor tyrosine kinase, we were able to biochemically characterize site-
specifically acetylated, and simultaneously acetylated and phosphorylated STAT3. We
measured the effect of acetylation on the crystal structure, and DNA binding affinity and
specificity of Tyr705-phosphorylated and non-phosphorylated STAT3. In addition, we
monitored the deacetylation of acetylated Lys685 by reconstituting the mammalian en-
zymatic deacetylation reaction in live bacteria. Surprisingly, we found that acetylation,
per se, had no effect on the crystal structure, and DNA binding affinity or specificity
of STATS3, implying that the previously observed acetylation-dependent transcriptional
activity of STAT3 involves an additional cellular component. In addition, we discovered
that Tyr705-phosphorylation protects Lys685 from deacetylation in bacteria, providing
a new possible explanation for the observed correlation between STAT3 activity and

Lys685 acetylation.

Signal transducer and activator of transcription 3 (STAT3) is a member of the STAT
protein family of latent transcription factors that are activated in response to the binding
of cytokines, growth factors and hormones to extracellular receptors.'? Structurally, STAT3
comprises an N-terminal domain, followed by a coiled-coil domain, a DNA-binding domain,
a Src homolodgy 2 (SH2) domain and a C-terminal transactivation domain.*® According to
the canonical Janus kinase (JAK)-STAT pathway, receptor tyrosine-phosphorylation, pro-
moted by the binding of signaling molecules to cell surface receptors, is followed by SH2
domain-mediated binding of STAT3, which is then phosphorylated on Tyr705. Tyrosine
phosphorylation enables STAT3 dimerization by reciprocal binding between the SH2 do-
main of one STAT3 monomer and the phosphorylated Tyr705 (pY705) of the other STAT3
monomer. Dimeric STAT3 then accumulates at the nucleus, where it acts as a transcription
factor by binding to specific DNA response elements.® That being said, it was found that non-
phosphorylated STAT3 is transcriptionally active, and that STAT3 may serve non-canonical
roles, such as, for example, in mitochondria.>" !

STAT3 was found to be constitutively activated in various cancer cell lines and tumor
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tissues, where it promotes tumor cell proliferation, invasion, and migration. %% As a tran-
scription factor that mediates extracellular signaling and gene transcription, STAT3 is also
involved in the communication between cancer cells and the microenvironment. ' In addition,
STAT3 plays metabolic, developmental and anti-inflammatory roles.'® These diverse activi-
ties of STATS3 are regulated by various mechanisms, including an array of post-translational
modifications, such as phosphorylation (e.g., Tyr705), methylation and acetylation. Specif-
ically, acetylation of Lys685 was suggested to be important for STAT3 dimerization and
full transcriptional activity.!'%!” Lys685 acetylation was also found to promote STAT3-DNA
methyltransferase 1 interactions, and subsequent methylation of tumor-suppressor promot-
ers.'® However, the exact biochemical mechanism of Lys685 acetylation-dependent transac-
tivation is not fully understood. According to crystal structures of STAT3, the relatively
flexible side-chain of Lys685 is not directly involved in mediating dimerization.*% Therefore,
it is not clear if and how the intra-dimer interface is affected by Lys685 acetylation. In
addition, Stark and co-workers found that acetylation of Lys685 is important for the tran-
scriptional activity of unphosphorylated, but not of phosphorylated, STAT3.!® Furthermore,
acetylation of Lys685 was suggested to increase in response to cytokine-mediated stimula-

17,20 although Chen and co-workers found that CD44 can mediate Lys685 acetylation in

tion,
a cytokine- and growth factor-independent manner.?!

A widely accepted experimental approach in functional studies of lysine acetylation in-
volves the use of Lys-to-Arg or Lys-to-Gln mutants. In a different experimental approach,
acetylation levels are modified by deacetylase inhibitors, or by knockdown or over-expression
of acetyltransferases or histone deacetylases. However, the former approach may have un-
known structural and functional effects, while the latter may indirectly affect cell physiology.
Therefore, we decided to study site-specifically acetylated STAT3 by genetically encoding
the co-translational incorporation of Ne-acetyl lysine in response to an in-frame TAG stop

codon at position 685 of the STAT3 core domain (residues 128-715).2% 26 Lys685-acetylated

STAT3 was produced by co-expression of K685-TAG statd with pyrrolysine amber suppressor
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tRNA (PylT) and evolved acetyl lysine synthetase (AcKRS).?? The Tyr705-phosphorylated
protein was obtained by co-expression of STAT3 with the protein-tyrosine kinase domain of
the Elk receptor, as previously demonstrated.?”?® To express STATS site-specifically modi-
fied by acetylation and phosphorylation, K685-TAG stat3 was co-expressed with the amber
suppression machinery for co-translational incorporation of an acetylated lysine residue at
position Lys685, together with the kinase domain of Elk receptor for post-translational phos-
phorylation of Tyr705.

The incorporation of acetyl-lysine at position 685 was validated by Western blot analy-
sis using specific antibodies against Lys685-acetylated STAT3 (Supplementary Figure S1A),
and trypsin digestion followed by tandem MS/MS (Supplementary Figure S2). Similarly,
Tyr705-phosphorylation was dependent on co-expression with the Elk kinase domain, and
was validated by immunoblotting using specific antibodies against Tyr705-phosphorylated
STAT3 (Supplementary Figure S1B) and MS/MS (Supplementary Figure S2). This experi-
mental setup enabled the expression of four STAT3 variants, namely wild type (WT), Lys685-
acetylated (AcK685), Tyr705-phosphorylated (pY705), and Lys685-acetylated+Tyr705-phos-
phorylated (AcK685+pY705) STAT3. Subsequent comparative studies of WT and AcK685
STAT3 should, therefore, report on effects of acetylation on non-phosphorylated STAT3,
while studies comparing pY705 and pY705+AcK685 should report on effects of Lys685 ace-
tylation on phosphorylated STATS3.

The effect of Lys685 acetylation on in vitro DNA-binding affinity was measured by fluo-
rescence anisotropy. A 3’-fluorescein-labeled oligonucleotide derived from the binding site of
the a2-macroglobulin (¢2M) promoter (5-AGCAGTTCTGGGAAATCT-3’) was incubated
with increasing concentrations of the four STAT3 variants, and the fluorescence polarization
signal as a function of STAT3 concentration was fitted to Equation 1 (Methods). Similar
Kp values were measured for pY705 STAT3 and AcK685+pY705 STAT3 (2542 nM and
2043 nM, respectively), demonstrating that Lys685 acetylation had little to no effect on the

in vitro affinity of Tyr705-phosphorylated STAT3 to the binding site of the «2M promoter
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Figure 1: Affinity of STAT3 variants to the binding site of the «2M promoter, measured
by fluorescence anisotropy. Increasing concentrations of the indicated STAT3 proteins were
incubated with 2 nM of 3’-fluorescein-labeled probe, and data were fitted to Equation 1. Av-
erage Kp and Hill slope values are displayed (n=3, £SD). The affinity of non-phosphorylated
STAT3 variants was below the detection limit. mP: millipolarization units.

(Figure 1). In addition, the Kp values of WT STAT3 and AcK685 STAT3 were higher than
1000 nM, suggesting that non-phosphorylated STAT3 had low affinity for the binding site of
the a2M promoter, with no significant effect of Lys685 acetylation on DNA-binding affinity.
Therefore, our data show that the addition of an acetyl group to Lys685, per se, had no
effect on STAT3 DNA-binding affinity.

It has been demonstrated that post-translational modifications can affect the DNA-
binding specificity of transcription factors, and consequently, their transcriptional activ-
ity.3 Therefore, we asked whether Lys685 acetylation affected the DNA-binding specificity
of Tyr705 phosphorylated STAT3. To answer this question, we comprehensively charac-
terized the DNA-binding specificities of pY705 STAT3 and AcK685+pY705 STAT3 in an

unbiased manner, using the well-established protein-binding microarray (PBM) technology
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Figure 2: In vitro STAT3 DNA-binding specificity. Position weight matrix logos for pY705
STAT3 and AcK685+pY705 STATS3, obtained from a universal protein-binding microarray
containing all possible 10mer combinations on a single chip.?° The measurements provide
two indistinguishable PWM logos, suggesting an identical DNA-binding specificity for pY 705
STAT3 and AcK685+pY705 STATS.

(Figure 2).3! Briefly, we applied 6xHis-tagged purified STAT3 to a dsDNA chip contain-
ing all possible 10-mer nucleotides. Next, STAT3 proteins on the chip were labeled with
fluorophore-conjugated anti-6 x His antibodies, and fluorescent signals were quantified using a
high-resolution microarray scanner. Position weight matrix (PWM) logos, the most common
way to represent protein-DNA binding specificity,®? were then generated for the two STAT3
variants using the most enriched DNA sequences (Figure 2). We found that both pY705
STAT3 and AcK685+pY705 STAT3 showed the highest affinity to the same 9 nucleotide-
long sequence (5-TTCC(G/C)GGAA-3’), with essentially indistinguishable PWM logos.
These PWM logos strongly suggest that acetylation of Lys685 has no effect on the in vitro
DNA-binding specificity of Tyr705-phosphorylated STATS3.

To study the effect of Lys685 acetylation on protein-protein and protein-DNA interac-
tions, we co-crystallized AcK685+pY705 STAT3 with double-stranded DNA (5-AAGATT-
TACGGGAAATGC-3). The complex of AcK685+pY705 STAT3 with DNA was crystallized
in the P4, space group and the structure was solved to a resolution of 2.85 A (PDB: 6QHD;
statistics of data collection and model refinement are listed in Supplementary Table S1).
The asymmetric unit was composed of a STAT3 dimer bound to a double-stranded DNA

molecule, in contrast to other STAT3 crystal structures, which contain only one STAT3
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AcKB85+pY705 STAT3
pY705 STAT3 (1BG1)

Figure 3: Crystal structure of AcK685+pY705 STATS3 in a complex with DNA. A. Super-
position of AcK685+pY705 STAT3 (cyan) and pY705 STAT3 (magenta, PDB: 1BG1). Top:
overall structure. Bottom: residues 500-715, with residues AcK685, K685, and pY705 dis-
played in sticks model. B. Electron density map around residues AcK685 (top) and pY705
(bottom) (2F, — F. at 1.00 and 0.70 level, respectively), displayed relative to the position
of the same residues in non-acetylated pY705 STAT3 (magenta). C. Position and orien-
tation of residues AcK685, K685, and pY705 (in sticks model) within the SH2 domains of
Lys685-acetylated and non-acetylated STATS.

monomer with single-stranded DNA within the asymmetric unit.®%
Within each monomer, electron density map for most of our protein model was well de-

fined, yet as with the crystal structure of pY705 STAT3 (PDB: 1BG1),? several residues,

including loops within the SH2 domain, were poorly defined and consequently were not in-
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cluded in the final model; i.e., the loop connecting a-helices 1 and 2 (185-193), residues 419-
427 between [>-sheets e and f, a loop at the end of o-helix 7 (536-538), and several residues
within the SH2 domain (626-632, 658-665, 689-702, 705, all numbers refer to monomer A).
Nevertheless, the overall SH2 domain backbone could be traced, and the relative orienta-
tion of the SH2 domains was highly similar to that found in the crystal structure of non-
acetylated STAT3 (Figure 3A). Moreover, the overall crystal structure of AcK685+pY705
STAT3 in complex with DNA was essentially identical to the structure of pY705 STAT3
(PDB: 1BG1).3 Superposition of these two structures revealed a C,, root mean square devia-
tion (RMSD) value of 0.47 A, indicative of the high similarity between them, with only minor
conformational changes (Figure 3A). In addition, according to the electron density map, the
positions of AcK685 and pY705 backbone atoms were not affected by Lys685-acetylation
(Figure 3B and C). Taken together, we found no significant effect of Lys685 acetylation on
the crystal structure of Tyr705-phosphorylated STAT3 in a complex with DNA.

An important aspect of any reversible post-translational modification, such as acetyla-
tion, is its regulation by enzymes that catalyze its removal. There are currently 18 known
lysine deacetylases (KDACs) in the human genome, 7 nicotinamide adenine dinucleotide
(NAD")-dependent sirtuins (SIRT1-SIRT7) and 11 Zn?"-dependent histone deacetylases
(HDAC1-HDACI11). To gain insight into the interaction between Lys685-acetylated STAT3
and mammalian KDACs, we used a semi-quantitative assay in bacteria to follow the deacety-
lation of AcK685 STAT3 and AcK685+pY705 STAT3 (Figure 4).33 In this assay, a KDAC is
co-expressed in Escherichia coli (E. coli) together with a C-terminal 6 x His-tagged acetylated
substrate, produced by genetically encoding the incorporation of an acetylated lysine. As
such, the mammalian enzymatic deacetylation reaction is reconstituted in bacteria that serve
as a ‘living test tube’. Deacetylase activity is then evaluated from Western blot analyses, by
calculating the ratio between anti-acetyl-lysine immunoblot intensity (proportional to ace-
tylation levels) and anti-6 x His immunoblot intensities (proportional to total protein levels).

Using this methodology, we monitored the catalytic activity of SIRT1-7, HDACG6 (residues
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Figure 4: Deacetylation of STAT3 AcK685 in bacteria. Indicated KDACs were co-expressed
in bacteria with AcK685 STAT3 (top panel) or AcK685+pY705 STAT3 (bottom panel). Ace-
tylation levels were calculated from the ratio between anti-STAT3 AcK685 and anti-6x His
immunoblot intensities and presented relative to the ratio calculated for the negative control
(expression without KDAC). In this semi-quantitative assay, a given KDAC was considered
active if the averaged ratio, calculated from at least three independent measurements, was
less than 50% of the ratio calculated for the negative control. *~HDACG6 was expressed as a
truncated protein (residues 479-835), encompassing the second catalytic site.

479-835, marked HDAC6*), and HDAC8. We found that under these conditions, SIRT1-3
and HDAC6* were able to recognize AcK685 STAT3 and hydrolyze the acetyl group from
position AcK685 (Figure 4, top panel). However, phosphorylation of position Tyr705 pro-
tected AcK685 STAT3 from deacetylation by SIRT1, SIRT3, and HDAC6*; AcK685+pY 705

STAT3 could only be deacetylated by SIRT2 (Figure 4, bottom panel). Hence, our data

suggest that Tyr705 phosphorylation stabilizes the acetyl group on Lys685 by hindering the
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interactions with potential deacetylases.

To summarize, previous in vivo studies demonstrated that acetylation of Lys685 pro-
motes the dimerization and transcriptional activity of STAT3, suggestive of an acetylation-
dependent mode of DNA binding and transcriptional activity. However, in the current study,
we found no direct effect of Lys685 acetylation on STAT3 DNA-binding affinity or speci-
ficity. These results suggest that the acetylation-dependent STAT3 transcriptional activity
observed in vivo may depend on other factors or conditions found in the complex cellular en-
vironment, such as additional post-translational modifications, protein-protein interactions,
sub-cellular compartmentalization, etc. Thus, our understanding of the role of Lys685 ace-
tylation in STAT3 regulation could benefit from studies in cultured mammalian cells that
utilize amber suppression technology to genetically encode the co-translational incorporation
of an acetyl-lysine at STAT3 Lys685. However, such studies are still technically challenging.

We found that Lys685 acetylation alone had no effect on the crystal structure of Tyr705-
phosphorylated STAT3 in a complex with DNA. Several crystal structures of the STAT3
core domain have been determined, including the structure of non-phosphorylated STAT3
dimer in complex with DNA.?5 These crystal structures and the structure presented here
demonstrate essentially identical modes of DNA binding by STAT3. A possible explanation
for the lack of any acetylation-dependent structural differences is that the crystal structure
of STAT3 in complex with DNA represents only one DNA-binding mode, one which is not
sensitive to Lys685 acetylation.3435

Using deacetylation assay in bacteria, we found that SIRT1-3 and HDACG6* are ca-
pable of recognizing Lys685-acetylated STAT3 and catalyzing the hydrolysis of the acetyl
group. Lys685-acetylated STAT3 is a known substrate of SIRT1, which predominantly re-
sides in the nucleus and can also be found in cytoplasm.3% 3% HDACG6 shuttles between the
nucleus and cytoplasm and was found to form a complex with the core domain of STAT3.3?
SIRT3 is a major mitochondrial deacetylase, and STAT3 can translocate into mitochondria,

where it regulates the mitochondrial respiratory chain via transcription-independent activ-

10
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ity. 91040 Interestingly, STAT3 residues Lys707 and Lys709 (but not Lys685) were found to be
deacetylated by SIRT3 in mitochondria.'* We found that deacetylation of AcK685 by SIRT1,
SIRT3 and HDAC6* was dependent on the phosphorylation state of Tyr705. Considering
that Tyr705-phosphorylation promotes STAT3 dimerization and that Lys685 is positioned
close to the dimer interface, the observed phosphorylation-dependent protection might be
explained by steric hindrance. This observation provokes the question of whether Lys685
acetylation promotes STAT3 dimerization and activation, or rather is the result of STAT3
Tyr705 phosphorylation-dependent dimerization. Moreover, considering the observed effect
of acetylation on STAT3 activity in vivo, phosphorylation of Tyr705 may activate STAT3
synergistically by increasing Lys685 acetylation levels.

Taken together, our data show no direct effect of Lys685 acetylation on the DNA-binding
mode of STAT3. Numerous in vivo studies reported positive correlation between acetylation
and transcriptional activity, dimerization, and nuclear translaocation of STAT3. Generally,
in vivo studies are critical to our understanding of cellular processes, yet in vivo measure-
ments of acetylation-dependent protein function are usually based on mutational analyses,
gene knockdown or knockout, or use of deacetylase inhibitors. Consequently, any observed
acetylation-dependent protein activity may be biased by indirect effects, such as altered
histone modifications or transcription. Therefore, our work highlights the advantage of
methodologies based on the site-specific incorporation of modified amino acids, as well as
the importance of complementing in vivo studies with data obtained from in vitro measure-

ments using homogeneously modified protein samples.

Methods

Protein expression

For expression of Lys685-acetylated STAT3, E. coli BL21(DE3) cells were co-transformed

with a pBK vector for constitutive expression of evolved acetyl-lysine synthetase and the

11
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appropriate pCDF vector for expression of either non-phosphorylated or phosphorylated
STATS3 (see Supplementary Information file for detailed description of plasmid construction).
Transformed cells were incubated overnight in 2xTY medium, supplemented with 50 pug/mL
spectinomycin and 50 pug/mL kanamycin. The next day, overnight cultures were diluted
to ODgpo=0.02 into 4 L of 2xTY medium supplemented with the same antibiotics. The
cultures were incubated at 37°C until ODgyn=0.3, when they were supplemented with 10 mM
acetylated lysine and 20 mM nicotinamide. At ODgyp=0.6, protein expression was induced
with 0.5 mM IPTG, and the incubation temperature was reduced to 18°C. After 18 h,
the cells were harvested by centrifugation, and the pellet was stored at -80°C. Expression
of non-acetylated STAT3 was performed in a similar manner, except that cells were only
transformed with the pCDF vector for expression of STAT3 (or co-expression of STAT3 and
Elk), and the bacteria were cultured in media supplemented with 50 pg/mL spectinomycin

without nicotinamide or acetylated lysine.

Fluorescence polarization assay

A DNA probe (5-AGCAGTTCTGGGAAATCT-3’) modified by fluorescein at the 3’ end was
purchased from Integrated DNA Technologies (Coralville, IA). Fluorescein-labeled single-
stranded DNA was mixed with the non-labeled complement sequence at a 1:1.1 ratio in
phosphate-buffered saline (PBS). The solution was heated to 90°C and the DNA was an-
nealed by a slow temperature gradient (1°C/min). The solution of 3’-fluorescein-labeled
double-stranded probe was filtered (0.2 um) and stored in small aliquots at a final concen-
tration of 20 uM. Fluorescence polarization signals were recorded on a Spark multimode
microplate reader (Tecan, Ménnedorf, Switzerland) in a 384-well format. Aliquots (50 ul)
were prepared by mixing 2 nM DNA probe and the indicated STAT3 variant at increasing
concentrations, starting at 0.5 uM for Tyr705-phosphorylated variants or 5 uM for non-
phosphorylated variants. For each variant, 40 samples were prepared with a 1.3-fold increase

in protein concentration between samples, in PBS supplemented with 1 mM DTT, 1 mg/ml

12
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bovine serum albumin and 50 pg/ml salmon sperm DNA (R&D Systems, Minneapolis, MN).
Fluorescence polarization data were fitted to Equation 1 using KaleidaGraph (Synergy Soft-
ware, Reading, PA), where Y is the fluorescence polarization signal, X is the STAT3 concen-
tration, a and b are the minimal and maximal fluorescence polarization signals, respectively,
Kp is the dissociation constant, and H is the Hill slope.

_a+(b—a) .
1 4+ 10UegKp—X)-H (1)

In vitro DNA binding specificity

In vitro DNA-binding specificities were measured using the standard PBM protocol.?' Double-
stranded DNA oligonucleotides were first obtained by primer extension. Next, the microarray
was incubated 1 h with blocking solution (2% milk in PBS), followed by a 1 h incubation with
PBS-based protein-binding mixture, and a 1 h incubation with Alexa488-conjugated anti-
6x His antibodies (1:20 dilution, Qiagen 35310). The array was washed and scanned using a
GenePix 4400A scanner (Molecular Devices) at 2.5 pm resolution. Data were normalized as

previously described.3!

In vitro deacetylation

Deacetylation assay was performed as previously described.?? Briefly, E. coli ACobB BL21(DE3)
cells were transformed with pBK vector for constitutive expression of an evolved acetyl-
lysine synthetase. The transformed bacteria were made competent and co-transformed with
a pACYC-Duet vector encoding one of the human deacetylases (Sirt1-7, HDACG6479 35,
and HDACS) and a pCDF vector for the expression of AcK685 STAT3, or AcK685+pY705
STAT3. Cells were recovered in 1 mL SOC (37°C, 600 rpm) and incubated for 16-18 h
(37°C, 220 rpm) in LB media supplemented with 50 pg/mL kanamycin, spectinomycin, and
chloramphenicol. Overnight cultures were diluted to ODgyr=0.05 into 5 mL of pre-warmed

(37°C) auto-induction medium,* supplemented with 10 mM AcK and 25 pug/mL chloram-
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phenicol and spectinomycin each, and 50 pug/mL kanamycin. Cultures were incubated at
37°C (220 rpm) for 6 h, when the temperature was lowered to 22°C for an additional 42 h.
Western blot analysis was performed as described in the Supplementary Methods, using

antibodies against the C-terminal 6 xHis tag and K685-acetylated STATS3.
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