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Abstract

Members of the signal transducer and activator of transcription (STAT) family are central
mediators of signaling in the Janus kinase (JAK)-STAT pathway. STAT molecules are activated
by phosphorylation at a conserved tyrosine residue, which is followed by dimerization through the
reciprocal interaction between the phosphotyrosine and a Src homology 2 (SH2) domain.
Tyrosine-phosphorylated STAT (pY-STAT) then translocates to the nucleus to induce the
expression of genes encoding antiviral proteins; thus, it is a target for certain viral proteins that
mediate immune evasion. The active and functional forms of STATSs are conventionally considered
to be dimers, which is based on the previously reported structure of a pY-STAT1 dimer bound to

DNA, which comprised only the pY-STAT]I core, lacking the N-terminal domain (NTD) and C-



terminal region. Here, we present the cryo—electron microscopy (cryo-EM) structure of the

tetrameric form of intact pY-STAT]1 in complex with DNA. This full-length structure represents
an important functional complex, because interactions formed between the N-terminal domains of
STATs induce oligomerization, which is implicated in regulating transcriptional activity. The
tetrameric structure revealed a compact conformation with a previously uncharacterized binding
interface: two DNA-bound dimers are two-fold symmetrically aligned that can be seamlessly
transformed into a tandem DNA-binding model without NTD dimer separation. Moreover,
biochemical analyses indicated that the rabies virus P protein selectively targeted tetrameric pY-
STATI1. Concomitant with data showing which regions contribute to the interaction between pY-
STATI and the P protein, a binding model explaining how P recognizes the pY-STAT] tetramer
was constructed. These data provide insight into how pathogenic viruses regulate the signal

transduction system related to the host immune system.

INTRODUCTION

The Janus kinase (JAK)—signal transducer and activator of transcription (STAT) pathway mediates
signal transduction important in a diverse array of processes, including immune responses, cellular
differentiation, and proliferation (/—4). Whereas more than 50 cytokines are implicated in using
JAK-STAT pathways to regulate cell functions, there are only seven members of the STAT family
in mammals (STATI1 to STAT4, STATS5a, STATSb, and STAT6) (3, 6). STAT proteins exhibit a
typical domain structure consisting of an N-terminal domain (NTD), a coiled-coil domain (CCD),
a DNA-binding domain (DBD), a linker domain (LD), a Src homology 2 (SH2) domain, and a C-
terminal transactivation domain (TAD), which contains a specific conserved tyrosine residue (for

example, Tyr’°! in STAT1) that is phosphorylated by JAKs (Fig. 1A). The JAK-STAT system



mediates the transduction of signals from cell surface receptors to the nucleus; specifically, after
recognition of a ligand (for example, a cytokine or growth factor) by a specific receptor,
cytoplasmic receptor-associated JAKs undergo transphosphorylation and activation, before
inducing tyrosine phosphorylation in the cytoplasmic region of the receptor. Phosphorylation of
the receptor generates recognition sites for the recruitment of specific STATs, and JAKs then
phosphorylate the conserved tyrosine in the STAT TAD (Fig. 1A); this phosphorylation is

generally recognized as the activation signal for the STATs.

Tyrosine phosphorylation results in the formation of a "parallel STAT dimer" through reciprocal
interactions between the phosphorylated tyrosine residue (pY) of one STAT and the SH2 domain
of the other (Fig. 1A). The structure of a parallel dimer was established previously with protein
crystallography (7, 8). The transition from an unphosphorylated "anti-parallel dimer" to the
"parallel dimer" (9) produces a conformational nuclear localization signal and a specific DNA-
binding site, which results in the import of the parallel dimer into the nucleus (/0, /1) and the

regulation of the transcription of target genes, respectively.

Importantly, because different receptors and JAKs can recruit and activate different STATs,
different ligands can induce the formation of specific STAT complexes, resulting in differing
signaling outcomes. The diversity of signaling outcomes is expanded by the capability of STATs
to form both homo- and hetero-dimers through pY—SH2 domain interactions. This provides one
explanation for how STAT proteins can transduce signals from approximately 50 different growth
factors and cytokines, including interferons (IFNs), interleukins, and growth hormones, to produce

distinct functional outcomes (5, 6, /2). Moreover, whereas pY-STAT dimers are conventionally



considered to be the active form, several STATs also form further interactions between their
NTDs, with one co-localization—based assay indicating extensive NTD interactions between
homodimers (for STAT1, STAT3, STAT4, and STAT5a) and heterodimers (for STAT1/2 and
STAT5a/5b) (13, 14). These NTD interactions between unphosphorylated (U)-STATs and pY-

STATs (homo- and heterodimers) may also contribute to structural and functional diversity.

STATTI is a critical mediator of signal transduction in response to type I IFNs (typically, IFN-a
and IFN-B), type II interferon (IFN-y), and type III interferons (for example, IFN-A1). STATI1
signaling thus plays crucial roles in immune responses against viruses and other invading
microorganisms. Activated STAT1 dimerizes with STAT1, STAT2, STAT3, and STATS5a, and
STATSb through the reciprocal pY-SH2 interaction (/2). Types I and III IFNs principally
stimulate the formation of STAT1 and STAT2 heterodimers, which form the IFN-stimulated gene
factor 3 (ISGF3) complex with [FN-regulatory factor 9 (IRF9). ISGF3 activates particular arrays
of genes by binding to genomic IFN-stimulated response elements (ISREs) within the gene
promoters. Type II IFN stimulates the formation of STAT1 homodimers (gamma-activated factor,
or GAF), which activates distinct gene profiles by binding to genomic gamma-activated sequence

(GAS) elements.

pY-STAT1 homodimers also interact through their NTDs to form tetramers. NTD-mediated
tetramerization is important for DNA binding because of cooperative binding to tandem binding
sites such that tetramers have stronger binding affinities than that of pY-STAT1 dimers to cognate
DNA with tandem binding sites. This effect was observed in assays in solution (/5) and correlates

with the enhanced expression of target genes that are regulated by promoters harboring a GAS and



an additional binding motif (for example, tandem binding) compared with promoters having only
a single GAF-binding site (/6). Furthermore, even for single GAF-binding sites in DNA, which
are more common than multi-GAF-binding sites in mice, cooperative DNA binding as tetramers
is essential for the type II IFN system—induced GAF (/7). On the other hand, the role of STAT
cooperativity in ISGF3 function remains controversial (/7, [8), because tetramerization-
incompetent STAT1 (mutated at Phe’” and Leu’® in the NTD) has little effect on IFN-a/ISGF3-
dependent gene expression in mice (/7), whereas STAT1 with the same mutation cannot activate
ISGF3-targets, such as OA4S2 and MX1, in human cells (/8). Structural data relating to cooperative
DNA binding by STATs is limited. In particular, it is unknown how more than one pY-STAT
dimer assembles to form an oligomer and how tetramerization affects DNA binding. The current
tetramerization model for STATS is based only on the quantification of interactions using mutants

(19, 20).

The critical role of JAK-STAT signaling in antiviral responses has resulted in the evolution by
viruses of many mechanisms to inhibit JAK-STAT pathways. These mechanisms are largely
mediated by viral proteins known as IFN antagonists, hundreds of which have been identified (21).
Mechanisms to inhibit STATI1, STAT2, or both are relatively well-defined, and include
cytoplasmic sequestration, dephosphorylation, degradation, inhibition of upstream signaling
components, and induction of negative regulators (2/). The relationship between viral proteins and
STAT3 appears to be more complicated, with reported antagonistic and stimulatory outcomes
depending on viral and cellular factors (22, 23). Because of a lack of structural studies on STAT-
viral protein complexes, details of the molecular interactions between viral proteins and STATSs

have remained largely unknown. However, direct structural information has become available,



including for a 21-mer fragment of poxvirus protein 018 with the core domain of STATI (the
CCD, DBD, LD, SH2 domain, and a part of the TAD), which indicated binding to the SH2 domain
(24); non-structural protein 5 (NS5) of Zika virus or dengue virus bound to the NTD and the CCD
of human STAT?2, respectively (25); protein E27 from rat cytomegalovirus bound to the CCD of
rat STAT2 (26); and the C-protein of Sendai virus in complex with the NTD of STAT1 (27). These
studies emphasized the diverse nature of viral targeting of STAT molecules, presumably relating
to the specific requirements of the viruses, such as differences in the replication cycle and cell-

type/host tropism.

Antagonism of IFN-dependent JAK-STAT pathways by rabies virus (RABYV) is achieved by the
C-terminal domain (CTD) of P-protein (28, 29). RABV is the prototypical member of the
lyssavirus genus (family Rhabdoviridae, order Mononegavirales), which includes several highly
pathogenic viruses. Mononegaviruses have a nonsegmented, single-stranded RNA genome in the
negative sense. In lyssaviruses, the genome contains five protein-encoding genes: N
(nucleoprotein), P (phosphoprotein, P-protein), M (matrix protein), G (glycoprotein), and L (large
protein, the RNA-dependent RNA polymerase) (30). RABV causes acute neurological disease in
humans with an almost 100% fatality rate, resulting in more than 59,000 deaths every year across
150 countries (31, 32). The capacity to inhibit STAT signaling is a determining factor in
pathogenicity (33). Furthermore, and in common with many other viral IFN antagonists, it was
reported that P-protein interferes with both IFN induction and signaling (34, 35). To antagonize
IFN signaling, P protein interacts directly with STAT1 through its P-CTD (36). Note that the
efficient interaction of P protein with STAT1 in cells depends on activation of the cells by IFN-a,

IFN-B, or IFN-y, suggesting that P-CTD binds more efficiently to pY-STATI than to



nonphosphorylated STATI (28, 29, 33, 36, 37). However, the mechanistic details of how P-CTD
recognizes and binds to pY-STATT, which is likely present in the cell as a tetramer, have not been
resolved. This interaction of P-protein and pY-STAT]1 inhibits the nuclear accumulation of pY-
STAT1 due to a nuclear export sequence (N-NES) in the N-terminal region of the P-protein (28,
29, 38, 39). P-protein also inhibits the nuclear accumulation and signaling of STAT2 in IFN-ao/p—
treated cells (presumably as part of a pY-STAT1/pY-STAT2 complex) and of STAT3 in cells
treated with the interleukin-6 (IL-6) family cytokine oncostatin M (appearing to target STATI
solely in the context of STATI-STAT3 complexes). Moreover, P-protein blocks the interaction
between activated STAT1 dimers and DNA in extracts of IFN-y—treated cells (39) and in solution

with purified pY-STAT1 dimers (37).

The capacity to bind to STAT1 and inhibit STAT]1 signaling is conserved across the P-proteins of
the lyssavirus genus, albeit with some variation in binding and inhibitory activity (33, 40, 41).
Note that STAT1 antagonism enables not only the inhibition of IFN signaling in infected cells but
also the deactivation of a pre-established antiviral state (42). Although it is clear that the P-CTD
is the principal site of interaction with STAT complexes, a lack of direct structural analysis of the
STAT1/P-CTD complex means that our understanding of its binding specificity remains
incomplete. Nuclear magnetic resonance (NMR) analysis indicated that there is an extensive
interface between STAT1 and P-CTD, including three distinct regions on the P-CTD surface, two
of which interact with STAT1-CCD-DBD, whereas the other interacts with the STAT1 NTD, or
the C terminal region, or both (37). The P-CTD competes with the binding of pY-STAT]1 to target
DNA, which suggests a mechanism for the inhibition of IFN signaling in immune evasion (29, 37,

39).



Here, using the intact protein, we report the tetrameric, DNA-bound form of pY-STAT1 by cryo—
electron microscopy (cryo-EM). This structure of the full-length protein advances on the
previously reported truncated pY-STAT1 dimer-DNA structure which comprised the pY-STATI
core, but lacks the NTD and C-terminal region (Fig. 1A). These data not only provide structural
insights into how oligomeric pY-STAT1 engages target DNA, but also information that can
advance out understanding of interactions with other proteins, including viral IFN antagonists.
Based on assays using a series of STAT1 constructs including domain truncations and tetramer-
incompetent mutants in an unphosphorylated or phosphorylated state, we report insights into how
the tetrameric form relates to RABV P protein-binding. Our results indicate that both the
dimerization of STAT1 by tyrosine phosphorylation and its tetramerization through the NTD are
important for P-CTD binding. Quantitative analyses of the intermolecular interaction imply that
there are multiple binding sites on the STAT1 surface and support the existence of several discrete
interaction sites on P-CTD (37). Together with SAXS analysis, which demonstrates no substantial
conformational rearrangement upon DNA or P-CTD binding to the pY-STATI tetramer, the cryo-
EM structure of tetrameric pY-STAT1 in complex with DNA was used to predict the P-CTD

interaction surfaces.

RESULTS

Sample preparation and characterization by SEC-MALS

We prepared purified samples of full-length U-STAT1, N-terminal truncated U-AN STATI
(residues 136 to 750), full-length pY-STAT1, N-terminal truncated pY-AN STATI, C-terminal

truncated pY-STAT1 AC (residues 1 to 709), pY-STATI core (residues 136 to 709) comprising



the CCD, DBD, LD, SH2 domain, and a part of the TAD, pY-STAT1 F77A/L78A, as well as
RABYV (Nishigahara strain) P-CTD (Fig. 1B, fig. S1). To characterize the tetramerization state in
solution, multiangle light scattering combined with size exclusion chromatography (SEC-MALS)
experiments were performed on full-length pY-STAT]1, the complex of pY-STAT1 with double-
stranded DNA derived from the M67 variant (pY-STAT1/DNA), and the complex of pY-STAT1
with the P-CTD (pY-STAT1/P-CTD) (Fig. 1C). M67 contains a single GAS site, which harbors
the pseudo-palindromic consensus sequence 5’-TTCN2-4GAA-3, derived from the c-fos promoter
(46). The M67 element has been used widely in studies on STAT binding to DNA, including the
first crystal structure analyses of the pY-STAT core dimer [pY-STATI1 and pY-STATS3 (7, §)].
The molecular weight of pY-STAT1 was calculated to be 336.2 kDa (theoretically 362.3 kDa for
a tetramer) at the peak position (Fig. 1C), indicating tetramer formation, consistent with previous
findings using analytical ultracentrifugation (/9). A delay of elution volume of the pY-
STATI1/DNA complex [13.40 mL (DNA free) to 13.45 mL (DNA complex)] from the SEC
demonstrated that the pY-STAT]1 tetramer formed slightly more compact assembly upon DNA
binding (Fig. 1C). The presence of P-CTD in the fraction from SEC was confirmed by SDS-PAGE
(fig. S1). We prepared a construct of pY-STATI1 in which we introduced the mutations
F77A/L78A that disrupt dimerization of the NTD and should prevent tetramerization. This
construct produces only dimeric pY-STAT1 F77A/L78A (44), which was confirmed by SEC (Fig.

1D).

Three-dimensional cryo-EM structure reveals how pY-STAT1 assembles into dimer-of-

dimers



To elucidate the interaction of full, physiologically relevant pY-STATI1 tetramers with target
DNA, we reconstructed 3D cryo-EM maps depicting the dimeric and tetrameric structures of
human pY-STAT1 in complex with double-stranded DNA from the same EM data set. Both maps
were refined with C2 symmetry. The resolution of the final maps was calculated by the Fourier
shell correlation (FSC) method at the FSC 0.143 criterion as 3.07 A for the dimer and 3.76 A for
the tetramer. Subsequently, atomic models of the pY-STAT1 dimer and tetramer, each with DNA,

were structurally refined to each respective final map (Fig. 2, A and B).

Initial refinement was performed on the dimer structure. The density revealed the phosphorylated
tyrosine (Tyr’®") and recognition by the SH2 domain of the opposing protomer using residues
around Arg®? (fig. S2A). Because of the imperfect palindromic nature of the DNA sequence
(ACAGTTTCCCGTAAATGC; see Materials and Methods) and the intrinsic inability to
uniformly average EM density based on a DNA direction, the EM density corresponding to the
nonpalindromic base region represents an average of two base densities related by pseudo-two-
fold rotation symmetry. Consequently, the occupancy values of all of the DNA atoms were set to
0.5, and structure refinement was conducted with C2 symmetry. This approach mirrors the
reported structures of the pY-STAT core dimer in complex with DNA (7, §8), where the
crystallographic two-fold rotation axis is perpendicular to the long axis of pseudo-palindromic
DNA (Fig. 2C). The core region of the dimeric pY-STAT1 determined here by cryo-EM can be
superimposed well to the reported structures determined by X-ray crystallography, demonstrating
an identical recognition mode of the M67 pseudo-palindromic sequence [the same sequence as
previously reported (8)]. However, a small difference regarding the angle between the two

protomers making up the core was observed (Fig. 2C). Both structures exhibit a protrusion in the



C-terminal loop region (range: 655 to 661 of the SH2 domain), interacting with the identical region
from the counterpart protomer (fig. S2, C and D). However, the conformation of these loops differs
between the EM structure (the dimer and tetramer) and the previous crystal structure of the pY-
STAT1 core with DNA (7, 8). In the crystal structure, the tips of the two protruded loops, related
by two-fold symmetry, engage in a "B-sheet-like" interaction involving Ala®® and GIn®7 (fig.
S2C). In contrast, the EM structure reveals a shifted tip of the protrusion, with the most substantial
interaction between two symmetry mates being a hydrophobic interaction facilitated by I1e%> of

each protomer (fig. S2D).

For the tetramer structure analysis, the structure refinement with C2 symmetry was applied using
two dimer structures. Ultimately, there are three two-fold rotation axes in parallel in the tetramer:
a global rotation axis at the center (used in the C2 averaging) and two local axes (Fig. 2D). The
refined EM dimeric structure seamlessly aligned with the 3D map of the tetramer without requiring
additional local corrections. Due to the absence of residual density, it was impossible to model the
NTD spanning residues 1 to 134 and most of the C terminal region spanning residues 710 to 750.
Consequently, the final models of both the dimeric and tetrameric structures encompass the core

region of pY-STAT]I, specifically residues 135 to 711.

In the tetrameric structural configuration, two dimeric units engage in interactions along the two-
fold rotational axis. The total surface area utilised for this interaction is 495 A2 per protomer.
Notably, hydrophobic regions, including the side chains of Asn**?, Ser*®, and Leu**® within the
C-terminal loop of the DBD (fig. S3A), arigid loop connected to B12 of the LD (comprising Thr#°,

Pro*, Pro*!, and Cys*?), and Leu536 on B13, contribute to the interaction with their respective



two-fold related counterparts (Fig. 2E). Additionally, the formation of an intermolecular salt bridge
between Asp>** and Arg>*! serves to strengthen these interactions (fig. S3B). Of note, the Sy atoms
of Cys*”? from two opposing protomers of the tetramer are found within a distance indicative of
potential disulfide bonding (3.8 A, Fig. 2E). However, the purification and the vitrification for EM
observation of the pY-STAT1-DNA complex were carried out in the presence of DTT, making the
disulfide bonding in the EM structure less probable, despite prior indications of a role for Cys*?
in STATI1 aggregation (/5). The two-fold rotational axis is positioned equidistantly between the
two Cys*? residues, resulting in observable rocking movements centered at this point, which
became evident from the C2 symmetry averaging procedure (movie S1). In the tetrameric
structural conformation, two DNA molecules are arranged in parallel orientation (Fig. 2D).
Electrostatic potential calculation of the molecular surface reveals the presence of basic patches
not only within the DNA tunnels (DNA binding site) but also along the rims of the DNA tunnels
aligned with the DNA direction (Fig. 2F). The formation of these basic belts may facilitate
interactions with the DNA backbone, thereby enhancing the efficiency of subsequent sequence

scanning by the DNA binding site.

Although modeling was not possible, fragmented low density is located surrounding the CCD.
Modelling the location of the NTD based on the crystal structure of U-STAT1 (PDBID: 1YVL)
(9) did not align with this density (Fig. 2G, H). Given that the tetramer has a Kp value of 100 nM
(tetramer disassociation constant into two dimers) (/9) and its formation is induced by the
interaction of the NTDs (Fig. 1D), a plausible scenario involves the dimerized NTD settling in this
fragmented density (Fig. 2I). In the tetrameric structure with the possible NTD location, NTD

dimerization acts as a tether connecting the A chain of the AB dimer and the C chain of the CD



dimer as well as the B chain of the AB dimer and the D chain of the CD dimer (Fig. 2I). The
distances between the C-terminus (GIn!2¢) of the NTD of the A chain in the indicated NTD dimer
(indicated as white arrow) and the N-terminus of the A chain CCD (Met!3%), as well as the distance
between the C-terminus (GIn'?® of the other NTD (of the C chain) in the same NTD dimer and the
N-terminus of C chain CCD (Met'3%), are reasonable for each single protomer (15 A and 10 A,
respectively, Fig. 2J).). The tethering of the B chain and the D chain by the other NTD dimer
occurs similarly as related by the C2 symmetry to the A-C tethering. The NTD-integrated

tetrameric model was utilised for fitting the SAXS density (below).

Small-angle X-ray scattering (SAXS) demonstrates similar conformations of pY-STAT1, pY-
STAT1/DNA, and pY-STAT1/P-CTD

SEC-SAXS experiments were carried out on the pY-STATI protein and on complexes (pY-
STAT1/DNA, pY-STATI1/P-CTD, Fig. 3) as summarized in table S1. Consistent with the
observation on the SEC elution volume (see above), the Rg values (Guinier plot and P(r) function,
table S1) revealed that the pY-STAT1/DNA complex is the most compact; pY-STAT1/P-CTD
adopts the most stretched conformation. Ab initio modeling (electron density averages) for the
three molecules is presented in fig. S4B. With the comparable SAXS results (P() function and ab
initio modeling) between pY-STATI/DNA and pY-STAT1/P-CTD, we assumed that there has
been no drastic conformational change in the tetrameric pY-STAT1 upon DNA or P-CTD binding
(Fig. 3, fig. S4, table S1). The pY-STAT]1 core structure without DNA, is reported to form a similar
dimer assembly to the DNA-bound dimer, judged from the crystallographic study of STAT1 fused
to a peptide from the parasite Toxoplasma gondii (47) (note: the authors attempted crystallisation

with DNA but, no density was observed for DNA from the X-ray reflection file deposited in the



PDB (PDBID: 8D3F)). The availability of these structures enabled us to analyze possible
interactions of tetrameric pY-STAT1 with proteins, including P-CTD. As P-CTD inhibits DNA
binding, we removed two DNA molecules from the EM structure (tetrameric pY-STAT1/DNA)
for fitting in pY-STATI and pY-STAT1/P-CTD DENSS electron densities (fig. S4A, B), under
the assumption that the pY-STATI1 tetramer without DNA adopts a similar conformation to pY-
STAT1 with DNA. The location of the NTD of the pY-STAT1 tetramer was predicted from the
residual EM map in this study (described above, Fig. 2G, I, J) and the assembly with the NTD was
utilised for superimposition. The information obtained from the SAXS experiments, that the three
structures have similar conformations, was further used to explore potential target sites for the P-

CTD.

Experimental Analysis of Interactions of STAT1 with P-CTD

From the SEC experiments, binding of P-CTD to pY-STAT]I resulted in slightly earlier elution
(13.30 mL) (Fig. 1C) than pY-STAT1. The molecular weight of the corresponding SEC-MALS
signal of the pY-STAT1/P-CTD complex is estimated to be 353.7 kDa from SEC-MALS. This
could indicate that the complex is composed of a pY-STATI tetramer plus one P-CTD molecule
(theoretically 375.3 kDa), or apY-STAT1 tetramer plus two P-CTD molecules (theoretically 388.1
kDa), or an even more complicated stoichiometry. The presence of P-CTD in the fraction from
SEC was confirmed by SDS-PAGE (fig. S1). To assess interactions of pY-STAT]1 (and variants)
with P-CTD, and so enable predictions of complex interactions based on the above structural data,
we initially attempted isothermal titration calorimetry (ITC) to analyze the interaction between
full-length pY-STAT1 and P-CTD. However, precipitation affecting quantification accuracy was

observed in the attempted conditions after the titration of P-CTD into pY-STAT]1 in the instrument.



Therefore, the fluorescence polarization method was employed instead to determine Kp values for
the interaction of P-CTD and constructs of STAT1 (Fig. 1B): U-STATI, pY-STATI, pY-AN
STATI, pY-STATI core, pY-STATI-AC, or pY-STAT1 F77A/L78A (tetramerization deficient

mutant) (Fig.4A, B-Table 1).

The Kp value between U-STATI and P-CTD was determined as 11 pM, which is broadly
consistent with the reported Kp value between U-STAT]1 core and P-CTD derived using analytical
ultracentrifugation (10 — 20 uM) (37). The truncation of NTD from U-STATI1 (U-AN-STAT1)
gave a Kp value of 6 uM. The Kp value between pY-STAT1 and P-CTD was determined as 18
nM, increasing to 81 nM in the absence of NTD (pY-AN-STATI). The Kp value for pY-STATI
F77A/L78A (dimeric pY-STATI; 38 nM) is intermediate between pY-STATI (intact, tetramer)
and AN-pY-STAT]I (dimer). pY-STAT1-AC exhibited a Kp of 46 nM, while the pY-STAT1 core
region showed a Kp of 194 nM. Comparison with the Kp values of U-AN-STATI (6 uM) and pY-
AN-STAT1 (81 nM) indicate that the pY-SH2 mediated dimer formation that occurs upon
phosphorylation of Tyr’®! is a crucial step for P-CTD recognition. The phosphorylated moiety of
Tyr’! is sequestered within the SH2 domain of its counterpart, concealed from the solvent, as
evidenced by the crystallographic (7, §) and the EM (this study) structures. Consequently, P-CTD
cannot directly interact with the phosphorylated moiety of Tyr’°!, rather, P-CTD plausibly
recognizes two molecular surfaces of pY-STAT1 in proximity upon tyrosine phosphorylation.
Moreover, the comparison of the Kp values between tetrameric pY-STAT1 (pY-STATI full) and
dimeric pY-STATI1 (pY-AN STATI1 and pY-STAT1 F77A/L78A) indicates that tetramerization
via Phe’” and Leu” of the NTD further enhances the interaction. A possible, previously

unidentified, role of the pY-STAT1 C-terminal region in specific targeting by P-CTD was also



indicated, based on differing Kp values of pY-STATI1 (18 nM) and pY-STAT1 AC (46 nM). These
insights advance our understanding of the structural biology underpinning the interactions between
pY-STAT1 and P-CTD. Combined with the structural information above, these interaction

analyses enabled novel predictions about the STAT1/P-CTD complex (see below).

DISCUSSION

In the JAK-STAT system, the phosphorylation of a conserved tyrosine residue located in the loop
in the TAD is regarded as a key step for STAT activation, either through homodimerization or
heterodimerization, subsequent to ligand recognition by a cell surface receptor and JAK activation.
However, interactions mediated by the NTD, independently of tyrosine phosphorylation, have also
been identified in several STAT proteins, indicating the potential importance of tetramerization.
The disruption of NTD-mediated dimerization of STAT1 has been reported, specifically through
generating F77A, L78A, or both mutants (44). These residues, of which Phe’” is conserved as a
hydrophobic residue (as Leu®! in STAT2, Val”” in STAT3, Leu’” in STAT4, Phe®! in STAT5a/5b,
and Ile’” in STAT6), and Leu’® is strictly conserved in all human STATS, play important roles in
this context. Due to NTD-mediated interactions, U-STATI1, U-STAT3, U-STAT4, and U-STAT5a
can exist as homodimers, plausibly adopting an anti-parallel conformation, in unstimulated cells
(14, 18,43, 48). Therefore, for a comprehensive understanding of STAT functionality, particularly
for phosphorylated STAT, it is important to consider not only pY—SH2 domain interactions, but
also interactions mediated by the NTD, whether between homomeric or heteromeric STAT

molecules.



From a structural perspective, an important milestone was achieved with the solving of the dimeric
structures of the tyrosine-phosphorylated core regions of STATI1 and STAT3 (7, §). These
pioneering insights were derived from crystallographic studies, which included the parallel dimer
structures complexed with DNA containing specific STAT1 and STAT3 target sequences (M67).
Subsequently, crystal structures of DNA complexes of pY-STAT3 with acetylation of Lys®®3 (49),
pY-STATI1 bound with a peptide of the TgIST protein from the parasite Toxoplasma gondii (47),
and pY-STAT6 in complex with DNA (50) were analyzed. Furthermore, structural
characterizations have been extended to the NTD of STAT proteins, revealing its capacity to form
homodimers (9, 25). However, note that the linker region connecting the NTD to the core region
of STAT proteins, spanning approximately seven amino acid residues, is typically disordered, and
cannot be observed in crystal structures of unphosphorylated STATs (9, 25). Consequently, it has
not been completely clarified how the NTD tethers pY-STAT1 dimers to generate tetramers or
higher-order oligomers. The biological importance of oligomeric formations, particularly in the
context of enhancement of promoter binding by the NTD, referred to as cooperative DNA binding,
has been reported for various STAT members, most commonly pY-STATI (/5-18). This
phenomenon extends beyond homodimeric STAT interactions to include heterodimeric STAT
interactions, such as STAT1-STAT2 and STAT5a-STATSb (13, 14). Extensive investigations
involving tetramerization-deficient mutants of the STAT1 NTD, such as F77A or F77A/L78A,
have underscored the indispensable nature of cooperativity for the biological activity of STATI
(17, 18). Note that both the activation and repression of IFN-y responses in mouse spleen and

embryonic fibroblasts are severely compromised by the F77A mutation in STATI (17).



Previously reported analyses in solution (/9, 57) and the cryo-EM structure from the current study
demonstrate that pY-STAT1 forms homotetramers. In the tetrameric cryo-EM structure of pY-
STAT1 in complex with double-stranded DNA (GAS sequence), the positioning of two double-
stranded DNA molecules in the two dimers does not exhibit linearity (Fig. 2D). Additionally, the
geometry and the distance between the end of one double-stranded DNA molecule and the most
proximal end of the other DNA molecule does not appear to match that expected for reported
“tandem GAS” sites that have a 10-bp spacer, indicative of a 360° rotation with a 10-bp translation
(approximately 34 A) of the binding site, as we modeled (Fig. 5A, right). The DNA used in our
experiment is an 18-bp oligonucleotide, which is characterized by five bases extending towards
the 5’ end and four bases extending towards the 3° end with the middle GAS consensus element.
This particular structural feature mitigates concerns about potential distortion of the pY-STAT1
tetramer due to steric hindrance imposed by the presence of two double-stranded DNA molecules.
Note that the MALS and SAXS analyzes (Fig. 1C and Fig. 4, A and D) of the tetrameric assembly
suggest a compact, rigid body in solution with bound DNA, which is supported by the tetrameric
cryo-EM structure of pY-STAT1 with DNA fitting well to the density calculated from the SAXS
experiment (fig. S4). Consequently, it can be inferred that the analyzed tetrameric cryo-EM

structure demonstrates a stable state in solution.

The previously proposed tandem-GAS DNA-binding model of the pY-STATI tetramer was
proposed through binding and reporter-gene experiments using gain-of-function mutations
(D92R/E96R) in the NTD (20). In this model, the DNA molecule is positioned centrally, with two
NTDs functioning as arms to secure the DNA, whereas the other NTD pair remain unbound

(tethering the A- and D-chains and leaving the B- and C-chains unbound; Fig. 5B). To achieve the



transition to this proposed model from the current cryo-EM structure, dissociation of one of the
two NTD dimers is required. In this context, the Kp value of 100 nM for the two NTD-NTD
interactions of the tetramer formation (/9) could be rationalized enabling rearrangement and high-
affinity binding to DNA (Kp, 1 nM (15)). To evaluate this model, we constructed a similar model
in which two pY-STAT1 dimers are bound to two separate DNA-binding sites with a 10-bp spacer
(Fig. 5, A to C). Based on our model, the distance between the two N termini of the CCDs located
diagonally is 150 A (Fig. 5C). Considering that the distance between the two C termini of one
NTD dimer is 71 A (Fig. 5D), it is improbable for one NTD dimer to connect two STATI core
regions located diagonally, as was suggested previously (20), [a similar model (Fig. 5B) shows
where the A- and D-chains are tethered by an NTD], without a sharp bend in the DNA. Instead,
we propose that one NTD dimer could tether two STAT1 core regions situated in a parallel manner
with the two N termini 70 A apart (the A- and C-chains and the B- and D-chains; Fig. 5, C and E).
The symmetrical positioning of the two NTD dimers enables a seamless transition from the cryo-
EM structure to this tandem model without the dissociation and reassociation of the NTD dimer
(connecting the A- and C-chains and the B- and D-chains) into monomers, as proposed previously

(Fig. 5E) (20).

With these insights into the structure of tetrameric STAT1, we considered how this may apply to
other protein interactions of STAT1, including viral IFN antagonist proteins. Whereas there are
several reports of viral counteraction of STAT signaling, analysis of STAT structures in complex
with viral proteins remains limited. Detailed atomic-level information on how viral proteins disrupt
the host immune system can potentially facilitate the rational design of antiviral compounds or

attenuated vaccines (37). We thus sought to further characterize the targeting of STAT1 by RABV



P-CTD, by analyzing the interaction of P-CTD with STAT protein constructs, including U-STAT],
U-AN STATI, pY-STATI, pY-AN STATI, pY-STATI core, pY-STAT1 AC, or pY-STATI
F77A/L78A, and using these data together with the tetrameric cryo-EM structure to understand
the binding mode of pY-STAT1 and P-CTD. Considering the importance of pY-SH2-mediated
dimerization for P-CTD binding [as assessed from the reduction in the Kp value for pY-AN-
STAT1 (81 nM) compared with that ofr U-AN-STATI (6 uM)], it is conceivable that the
recognition mode involves one P-CTD unit engaging multiple STATI core regions derived from
two intertwined STAT1 molecules, rather than through direct binding to the phosphorylated
moiety, which is sequestered in the SH2 domain of the counterpart pY-STAT]1. Furthermore,
interaction analysis with pY-STATI1 (tetramer, Kp = 18 nM) indicated the importance of
tetramerization involving Phe’” and Leu’® of the NTD. Two possibilities exist regarding the effect
of tetramerization of the NTD on P-CTD binding. One possibility is the direct interaction between
the NTD and core region of the same pY-STAT1 dimer and P-CTD. The other possibility is that
the P-CTD molecule interacts with the NTD and the core region derived from two pY-STATI
dimers; that is, the P-CTD molecule may bridge two pY-STAT1 dimers. We found that the NTD-
deficient U-STAT1 and intact U-STAT1 have Kp values of 6 uM [this study; values of 10 to 20
uM were determined previously (37)] and 11 uM, respectively, upon P-CTD interaction. There is
also a slightly different interaction affinity among AN-pY STATI1 (dimer, Kp = 81 nM), pY-
STATI1 F77A/L78A (dimer, Kp = 38 nM), and pY-STAT]1 (tetramer, Kp = 18 nM). These data
provide evidence for a direct interaction between the STAT1-NTD and P-CTD. We cannot exclude
the latter possibility that the lowest Kp value with the pY-STATI tetramer does not result from
direct a STAT1-NTD/P-CTD interaction, but rather from an interaction of P-CTD with a newly

formed interface on the core regions of STATI that results from tetramer formation. Because we



were unable to fit STATI-NTD into the EM-density precisely, it is difficult to build a binding
model of the pY-STATI tetramer and P-CTD that includes the STAT1-NTD/P-CTD interaction.
Therefore, we only built a binding model for the pY-STAT1 tetramer—P-CTD interaction based on
the latter possibility using previous information about which residues on the P-CTD surface are
important for the interaction (Fig. 6A) (37). Considering the difference in the Kp values between
intact pY-STATTI (tetramer, 18 nM) and pY-STAT1 AC (46 nM), the C-terminal region of STATI,

which the EM density also does not cover, likely also contributes to the interaction with P-CTD.

On the P-CTD side, the interaction mechanism between U-STAT1 and P-CTD was previously
dissected extensively by NMR spectroscopy and a rigorous mutation-scanning-based reporter gene
assay (37). Three distinct regions on the molecular surface of P-CTD, denoted as regions A, B,
and C, were identified as critical binding sites for STAT1. Note that the residues in these regions
are highly conserved among lyssaviruses. It was suggested that region A (His?** and Ala?%%) and
region B (Asp?*) contribute to multiple and distinct binding sites on the CCD-DBD of STATI
because the side chains of the surface residues of the respective regions are oriented in oppositnge
directions. Additionally, region C (Leu?’® and Leu?’”) was proposed to interact with either the NTD

or C-terminal region of STAT]I.

Assuming that the conformation of the pY-STAT] tetramer is conserved across pY-STATI, pY-
STATI1/DNA, and pY-STAT1/P-CTD, which is supported by results from the SAXS analysis, we
built a binding model using the cryo-EM structure of pY-STATI1/DNA (Fig. 6, A and B). In this
model, one P-CTD unit interacts with three STAT1 molecules, bridging two protomers (the A—

and B-chains or the C— and D-chains) in the pY-SH2-mediated dimer, and two protomers (the A—



and C- chains or the B— and D- chains), which are connected by the interactions of each NTD.
Given the proximity of P-CTD binding to the DNA-binding site, our model explains how P-CTD
binding competitively interferes with DNA binding (37), providing a binding stoichiometry of 4:2.
Nonetheless, two additional binding sites, bridging two protomers in the pY-mediated dimer, could
be justified due to the two-fold symmetry inherent in the primary binding site (Fig. 6, A, D, and
E). We generated a 2:2 binding model of pY-STAT]1 core/P-CTD with two-fold symmetry, which
is related to the Kp value of 194 nM (Fig. 6, D and E). In the tetramer binding model, the two
primary binding sites of the P-CTD and two secondary binding sites of the P-CTD are not
equivalent (Fig. 6A). This interpretation is consistent with the observed binding stoichiometry of
pY-AN-STATI1/P3 (residues 53 to 297 of Nish-P), which is one (indicating 2:2) (52), because pY-
AN-STATI1 (and pY-STATI1 F77A/L78A) forms a pY-SH2-dependent dimer, harboring two

equivalent P-CTD-binding sites.

In the context of the RABV P-CTD targeting such as STAT1/STAT1 homodimer, STAT1/STAT2
heterodimer, and STATI1/STAT3 heterodimer, reported data indicate that cell stimulation by
RABYV infection is a key process to inactivate STAT function (28, 29, 33, 53). It has not been
clarified, however, how phosphorylation of STATS is related to the interaction with P-CTD, and
whether other factors are necessary for the interaction. In the case of STAT1, we here demonstrated
that STAT tetramerization concomitant with tyrosine phosphorylation is the determining factor for
STATI counteraction by P-CTD. Although our proposed binding model offers insights, further
experimental results, including structural analysis of pY-STATI in complex with P-CTD, are
imperative to obtain a comprehensive understanding of the detailed mechanisms of immune

evasion by RABV.



MATERIALS AND METHODS

Expression vector constructs and purification of human STAT1 variants

For U-STATT1 expression, the cDNA coding full-length human STAT1 in fusion with N-terminal
6 x His-tag and GB1 was inserted into pET21d (Merck), and E. coli B834 (DE3) was used as the
expression host. For all the tyrosine-phosphorylated STAT]1 variants, pET21d plasmids harboring
STAT1 with N-terminal 10 x His-tag were used for the transformation of BL21(DE3) TKB1
(Agilent Technologies). Based on this plasmid, variant expression vectors of AN STATI (residues
136 to 750), STATI core (residues 136 to 710), STATI AC (residues 1 to 710), and STATI
F77A/L78A were constructed. STAT1 F77A/L78A was further mutated after the generation of
F77A. The primer sequences for each construct are as follows: AN STAT1: 5-TTA GAC AAA
CAG AAA GAG CTT GACAG-3' (forward) and 5'-CAT ATG GCC CTG AAA ATA CAG GTT
TTC-3' (reverse); STATIAC and STAT1 core: 5-TAA GCG GCC GCA CTC GAG C-3'
(forward) and 5'-AGA CAC AGA AAT CAA CTC AGT CTT G-3' (reverse); F77A: 5'-
GAATAACGCGTTGCTACAGCATAACATAAGG-3’ (forward) and 5'-
GTAGCAACGCGTTATTCTCCAAAGAAAAGC-3’ (reverse); F77A/L78A: 5'-
AGAATAACGCGGCGCTACAGCATAACATAAGG-3' (forward) and 5'-
GTAGCGCCGCGTTATTCTCCAAAGAAAAGC-3" (reverse). For the phosphorylation of
STATI1 at Tyr’®!, BL21(DE3)TKB1 cells were used as the expression host. Purifications were
performed as previously reported (57, 54). To compare the tetramerization states of pY-STATI
and pY-STAT1 F77A/L78A, analysis by size-exclusion column S200 10/300 increase (Cytiva)
with purification buffer [10 mM HEPES (pH 7.4), 150 mM NaCl, I mM DTT, 10% glycerol] was

performed. For standard proteins, a gel filtration standard (BioRad) was used, which



includedthyroglobulin (bovine; 670 kD), y-globulin (bovine; 158 kD), ovalbumin (chicken; 44

kD), myoglobin (horse; 17 kD), and vitamin B12 (1350 Da).

Preparation of rabies virus P-CTD with and without the tetracysteine tag

For fluorescence polarization (FP) experiments, the Nishigahara RABV strain (Nish-) P-CTD
protein fused with a C-terminal tetracysteine (TC) tag (amino acid residues: CCPGCC) was
prepared. The expression plasmid for P-CTD (amino acid residues 186 to 297, inserted in pET-
28(a) (51, 54) was used as the template for PCR with the following primers: Nish-P-CTD_TC

forward: CTGCGCGAGCTAAGAATTCGAGCTCCGTCGACAAG; Nish-P-CTD _TC reverse:

CAGCCCGGGCAGCAAGATGCATAGCGATTCAAATCATC. The additional amino acid
sequence of Nish-P-CTD_TC, CPGCC, as a flexible tail (the original C-terminal residue of Nish-
P, Cys?”7, is used for a part of the TC tag) was used. Purification of Nish-P- CTD with and without

the TC tag was performed as reported previously (57, 54).

Fluorescence polarization assays

To assess the binding affinity of the P-CTD for pY-STATI1, P-CTD with a tetracysteine (TC) tag
was expressed and fluorescently labelled with FIAsH-EDT> (ThermoFisher). TC-tagged P-CTD
was mixed with FIAsH-EDT> with a molar ratio of 1:1.6, and FIAsH-EDT> conjugated P-CTD
was purified with a S75 10/300 column (Cytiva). Two independent concentrations of pY-STATI
were prepared, and each was diluted two-fold on a Black Flat Bottom Polystyrene NB microplate
(Corning). In total, 24 wells of different concentrations of pY-STAT1 were prepared, and 63 nM
FIAsH-EDT>—fused P-CTD was added to each well. The final volume per well was adjusted to 100

ul with buffer [10mM HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, 10% glycerol]. A control



lacking pYSTAT1 was also prepared and used for gain adjustment. Fluorescence polarization
measurements were immediately recorded with a SpectraMax 13x plate reader (Molecular Devices)
and the assay was repeated in triplicate for each pY-STAT1. One-site specific binding least square

fit curves were plotted with software Prism 10.3.1 (GraphPad).

SEC-MALS

Multi-angle light scattering combined with size exclusion chromatography (SEC-MALS) was
performed with a high-performance liquid chromatography (HPLC) system, Alliance 2695
(Waters) with DAWN HELEOS II (Wyatt Technology) and a 2414 Refractive Index (RI) detector
(Waters). Samples (30 pl) were injected into a Superosel2 increase 10/300 column (Cytiva),
equilibrated with a buffer [10 mM HEPES-NaOH, including 150 mM NaCl, 3% glycerol, and 2
mM DTT (pH7.4)], under a flow rate of 0.5 ml/min. Analysis of the acquired data was performed

with ASTRA 6.1 software (Wyatt Technology).

Cryo-EM sample preparation and data acquisition

The palindromic GAS sequence double-stranded oligonucleotides, termed M67, from the c-fos
promoter (ACAGTTTCCCGTAAATGC/TGCATTTACGGGAAACTG) was dissolved in buffer
[10 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 10% glycerol, 10 mM MgCl,, 0.5 mM EDTA].
The oligonucleotide mixture was incubated at 95°C for 3 min and cooled to room temperature
before being added to the pY-STATI solution. The pY-STATI-DNA complex was further
prepared by mixing pY-STAT1 and DNA at a molar ratio of 1:1.5 (protein dimer: DNA duplex).
P-CTD was further added with a molar ratio of 1:1.5 (pY-STAT1:P-CTD), which was expected to

generate a pY-STAT1/P-CTD complex. The sample was SEC-purified with a Superose 12 10/300



column (Cytiva) and the peak fraction (0.6 mg/ml) was used for grid preparation. Three microliters
of the sample were applied onto a glow-discharged [30 s, 30 mA on both sides using PIB-10
(Vacuum Device Inc.)] 300-mesh R0.6/1.0 Quantifoil Au grid. Grids were blotted for 5 s in 100%
humidity at 4°C and plunge-frozen in liquid ethane with a Vitrobot Mark IV (Thermo Fisher
Scientific). Data were collected on a Titan Krios cryo-transmission electron microscope (Thermo
Fisher Scientific) equipped with a thermal field emission electron gun operated at 300 kV, a Cs
corrector (CEOS GmbH), an energy filter with a 20-eV slit width, and a K3 direct electron detector
camera (Gatan) at the Institute for Protein Research, Osaka University. For automated data
acquisition, SerialEM software was used to collect cryo-EM images as movies with a 3 x 3 beam
image shift scheme. Movie frames were recorded with the K3 camera at a nominal magnification
of 81,000, corresponding to a pixel size of 0.87 A in EFTEM mode, with a defocus range set
between -0.8 and -1.8 um. The data were collected with a total exposure time of 4.7 s, fractionated
into 54 frames, maintaining a cumulative dose of approximately 50 electrons per A2 in counting
and correlated double sampling (CDS) imaging mode. A total of 6993 movies were collected and

used for the subsequent steps of image processing.

Image processing, 3D reconstruction, and structure refinement

A gain reference image was generated employing all movie frames through the
“relion_estimate gain” command within the software package RELION 4beta (55). Subsequent
image-processing steps were performed with cryoSPARC software (56). After motion correction
and gain normalization with the “Patch motion correction” algorithm, the contrast transfer function
(CTF) was estimated with the “Patch CTF Estimation” job. Images with poor CTF fits were

excluded, resulting in 6417 images. Particle coordinates were registered using the template-based



particle-picking algorithm, and the selected particles were extracted into a 240x240-pixel box with
apixel size of 1.76 A. After particle extraction, 2,649,037 particles were selected after three rounds
of tow-dimensional (2D) classification. These selected particles were subjected to reference-based
three-dimensional (3D) classification with a “Heterogeneous Refinement” job to roughly segregate
pY-STATI dimers and tetramers. Subsequently, four rounds of “Ab-initio Reconstruction” jobs
were performed to remove junk particles in the dimer and tetramer classes, respectively. The
particles were then combined, and a pool of 495,675 particles was again subjected to a
“Heterogeneous Refinement” job to classify the dimers and tetramers. Particles in each class were
subjected to “Ab-initio Reconstruction” jobs to remove junk particles and select 3D classes with
well-resolved reconstruction of the coiled-coil domains. For the dimers, the particles were re-
centered and extracted into a 240x240-pixel box with a pixel size of 1.32 A. To visualize the
structural diversity of the tetramer, “3D Flexible Refinement” was performed before the final “Ab-
initio Reconstruction.” The final 3D reconstruction involved the selected dimers comprising
115,824 particles and tetramers with 17,869 particles using “Homogeneous Refinement” and
“Non-uniform Refinement” jobs, achieving reconstructions at resolutions of 3.07 and 3.84 A,
respectively. Resolution was determined using the "gold standard" Fourier Shell Correlation (FSC)
method, comparing two maps reconstructed independently from particle sets that had been
randomly divided. The local resolution of the final maps was calculated with the “Local Resolution

Estimation” job. The image processing workflow is depicted in fig. SS5.

Cryo-EM model building and refinement
For atomic model building, the cryo-EM maps were trimmed to remove unnecessary regions

outside the molecules with the map trimming tool within Servalcat software (57). Manual model



fitting was performed with Coot (58) which was followed by model refinement with Servalcat
with the DNA restrain introduced by LIBG (59). C2 symmetry was applied during the model
refinement of both the dimer and tetramer. For dimer refinement, the occupancy values of all of
the DNA atoms were set to 0.5 because the two-fold rotation axis is located at the center of the
double-strand DNA. STAT]1 residues 1 to 134 and 712 to 750 in the dimer, as well as the tetramer,
had no resolvable density and were omitted from modeling. Pymol (Schrédinger, LLC) and
ChimeraX (60) were used for protein figure preparation. Protein data collection, data processing,

and model-building statistics are summarized in table S2.

SEC-SAXS

All of the data of small-angle X-ray scattering connected to size exclusion chromatography (SEC-
SAXS) were collected at beamline BL-10C at the photon factory, KEK (Tsukuba, Japan) (67). The
X-ray energy was set at 12.4 keV (wavelength: 1.00 A), and the sample to detector distance was
2081 mm. The chromatography was performed with a HPLC system, Prominencei (SHIMADZU)
with a Superdex 200 increase 10/300 column (Cytiva) equilibrated with buffer (10 mM HEPES-
NaOH, 150 mM NaCl, 3% glycerol, and 2 mM DTT (pH 7.4)]. Samples (150 pl each) containing
6.8 mg/ml pY-STATI, 9.2 mg/ml pY-STATI1/P-CTD, and 19 mg/ ml pY-STAT1/DNA were
injected, and the flow rate was set to 0.05 ml/min. The detailed beamline setting parameters are
shown in table S1. Serial scattering images were accumulated with 20-s exposures. Several
hundred SAXS images were recorded in PILATUS3 2M (DECTRIS). The 20 images measured
before the sample fraction were averaged as a background profile. A fiber spectrometer, QE65pro
(Ocean Insight), set at an angle of 45° to the sample cell, was used to obtain the concentration for

each frame (62). All scattering images were averaged at each azimuthal angle to convert them to



one-dimensional scattering intensity data, and then subtraction using the background profile was
also performed. The absolute intensity calibration was performed with water as a standard. These
processes were calculated using SAngler 2.1.65 (63). Scattering profiles greater than half the
intensity of the elution peaks were averaged with MOLASS 1.0.11 (64). The radius of gyration
(Rg) and forward scattering intensity (/o) were calculated from the Guinier approximation by
AutoGunier 0.7.1 (65), and the maximum particle dimension (Dmax) and the pair distribution
function (P(r)) were calculated with MOLASS (64). These parameters are summarized in table
S1. To calculate low-resolution electron density maps, the DENSSWeb server was used with the
default parameters (66). The 20 reconstructed electron density maps were aligned and averaged

for each dataset. The electron density maps were drawn with ChimeraX (60).

Supplementary Materials
Figs. S1to S5.

Tables S1 and S2.

Movie S1.
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Fig. 1. Domain structure and oligomeric state of tyrosine-phosphorylated STAT1 (pY-
STAT1). (A) Schematic of the domain structure of human STAT1 with conserved domains and
Tyr’°! (to be phosphorylated) is indicated. Note that the core region comprises the coiled-coil,
DNA binding, linker, SH2 domains, and a part of TA domain. N indicates the N-terminal domain
and C indicates the C-terminal region. (B) Oligomerization states of STAT1, with the pY/SH2
domain interactions and inter-N-terminal domain interactions shown for U-STAT]1 (dimer), U-AN
STAT1 (monomer), pY-STAT1 (tetramer), pY-AN STATI1 (dimer), pY-STAT1 AC (tetramer),
pY-STAT1 F77A/L78A (dimer) and the pY-STAT1 core (dimer). (C) SEC-MALS
chromatograms of pY-STATI (red), pY-STAT1/P-CTD (magenta), and pY-STATI1/DNA (blue).
Traces are displayed with the light scattering (left axis) for elution volumes between 12 and 15 ml.
Molecular weights of pY-STAT1 (red) and pY-STAT1/P-CTD (magenta) are also indicated by the

horizontal lines with respect to the value of the right axis. The molecular weight of pY-



STATI1/DNA was not calculated because of the difference of the optical constant of protein and
DNA. The elution volumes of each peak position are indicated. (D) The SEC chromatogram of
wild pY-STAT]1 (orange) and the pY-STAT1 Y77A/L78A (blue) are shown, indicating the effects
of the mutations on the oligomerization state. The chromatogram of the protein standards is shown
in gray. Retention volumes of the STAT proteins and the protein standard proteins are indicated

with their molecular weights. The vertical value is arbitrary.

Fig. 2. Structure of pY-STAT1 in complex with DNA and the predicted location of the NTD
of pY-STATL. (A) EM density (3.07 A resolution, gray) and the model of pY-STAT1 dimer in
complex with a double-stranded DNA molecule. The view is parallel to the two-fold axis used in
the C2 averaging. The different pY-STAT]1 protomers are colored blue and green. The backbone
of DNA is colored in red. (B) EM density (3.67 A resolution, gray) and the model of pY-STATI
tetramer in complex with two double-stranded DNA molecules. The different pY-STATI
protomers are colored-blue, green, magenta, and yellow. The backbones of the DNA molecules
are colored red. The view is from the two-fold axis used in the C2 averaging. (C) The displacement
between the EM structure (green and light blue) and the reported crystal structure of the pY-
STATI core/-DNA complex (PDBID, 1BFS5; yellow and magenta) based on the superimposition
of the left side protomers. (D) Ribbon diagram of the tetrameric pY-STAT1 in complex with DNA
(this study) to represent inter-dimer interaction. (E) Zoomed view of the dimer-dimer interface of
the LD of the tetrameric pY-STAT1 shown in (D). The 2-fold rotation axis is parallel to the surface
of the page. The amino acid residues contributing to the interaction are labeled. (F) Electrostatic
potential surface representation of tetrameric pY-STATI (red negative, blue positive). The bound

two DNA molecules are shown in orange coils. (G) Low-level contoured EM density for pY-



STAT1/DNA from the direction of the two-fold rotation axis. Each protomer is colored as in (D).
Residual densities, around the CCDs, are predicted to be the location of the NTDs (indicated with
white arrows). (H) NTD dimer location from the crystal structure of U-STAT1 (PDBID, 1YVL)
are indicated with white arrows. They do not fit to the residual density. U-STAT]I structure (one
protomer of U-STATI1 of the antiparallel dimer (PDBID, 1YVL)) containing the NTD is
superimposed on protomers (magenta and blue) of the tetrameric EM structure based on the
STAT]I core region. Two NTDs are shown by white arrows (magenta and blue). The EM density
contouring and the direction of the view is the same as (G). (I) Manual modeled two NTD dimers
in the residual EM density (cyan). The EM density contouring and the direction of the view is the
same as (G). Each protomer of the pY-STATI core is labeled as A, B, C and D-chains. (J) The
location of the NTD dimer tethering the protomers A and C. The C-terminus (GIn'?®) of the NTD
of the A chain (cyan) and the N-terminus of the A chain (magenta) CCD (Met'?®) are indicated.
The C-terminus (GIn!2%) of the C chain in the same NTD dimer (cyan) and the N-terminus of C
chain (magenta) CCD (Met!?%) are also indicated. The distances between each pair are 15 A and

10 A, respectively.

Fig. 3. Solution state of pY-STAT1 and its complexes analyzed by SEC-SAXS. (A to C)
Experimental SAXS profiles of (A) pY-STATI1, (B) pY-STATI1/DNA, and (C) pY-STAT1/P-
CTD. Guinier plots for experimental SAXS curves are shown in insets. (D) Pair distribution P(r)
function for the experimental SAXS curves of pY-STAT1 (blue), pY-STAT1/DNA (green), and

pY-STATI1/P-CTD (purple).



Fig. 4. Identification of critical regions of STATI1 for its interaction with P-CTD. (A)
Fluorescence polarization analysis of FIAsH-EDT> labeled P-CTD and pY-STATI (green), pY-
AN-STAT1 (purple), U-STAT1 (red), and U AN-STAT1(blue). (B) Fluorescence polarization
analysis-of P-CTD with pY-STATTI full (green), pY-STATI core (gray), pY-AN-STATI (purple),
pY-STATI1-AC (red), or pY-STAT1 Y77A/L78A (blue). Data in (A) and (B) are shown in
anisotropy value as mean + SEM from three independent experiments (n = 3) for each construct.
Data were analyzed with GraphPad Prism using the one site specific binding least squares fit

function to calculate the Bmax and Kp values (Table 1).

Fig. 5. Model of the cryo-EM structure of pY-STAT1/DNA converted to the binding of a
single linear strand of DNA harboring two GAS sites. (A) A conversion model from the cryo-
EM STAT]I tetramer structure bound to 18-mer DNA (left, from Fig. 2 (I)) to a STATI1 tetramer
bound to a single double-stranded DNA molecule containing tandem GAS sites (right). The
naming of each protomer of the pY-STATT core is the same as in Fig. 2 (I). In the right structure,
two pY-STATI dimer cores bind to a DNA molecule with two GAS sequence recognition sites;
the two GAS sequences with a 10-bp gap were generated. (B) The-NTD tethered model of
tetrameric pY-STAT1 proposed previously (20). The protomers, A and D, are tethered by an NTD
dimerization, whereas the NTDs of B and C are separated. The DNA-bound model of tetrameric
pY-STAT]I cores is the same as in (A) (right). (C) The distances are shown to predict which two
pY-STAT] protomers are tethered by one NTD dimer, respectively. The model is the same as in
(A) (right). Two numbers indicate the distances between the two N-termini of CCD of protomers
A (shown in magenta) and C (shown in blue), or protomers A and D (shown in green). (D) The

distance between the two C-termini of the NTD dimer (cyan), each of which is linked to an N-



terminus of a CCD, is calculated as 71 A. (E) Newly proposed model in this study in which two
NTD dimers are tethering two pY-STAT]1 dimers (A and C, B and D). The conversion from the
EM tetrameric structure to this model is possible without the dissociation of NTD dimers as

proposed previously (20).

Fig. 6. Predicted structural model of P-CTD-bound pY-STAT1. (A) Each protomer of the pY-
STAT]I core is represented with a semi-transparent surface model (A chain, magenta; B chain,
yellow; C chain, blue; D chain, green). The two NTD dimers as modeled in Fig. 2 (I) are in cyan.
Two P-CTDs in putative primary binding sites are shown with grey surface model on which Leu?7®

and Leu?”’

of the P-CTD are shown in orange. The putative two secondary binding sites, which
are two-fold symmetry related to the primary two binding sites as a STATI1 dimer unit, are
indicated as dotted ovals. (B) The modeling of P-CTDs at the primary binding sites as shown in
(A), rotated by 90° around x. (C) Zoomed view of the primary binding site. P-CTD (grey) is
interacting with the A chain (magenta), the B chain (yellow), and the D chain (green) of the pY-
STATI core. Leu?’® and Lue?”” are shown in orange, and His?>*, Ala?® are in blue, and Asp?® is
in red. (D) The dimer representation of pY-STAT1 (AB chain, magenta and yellow) with two-fold

symmetry-related P-CTDs (the primary and the secondary binding sites). (E) The same model as

(C), rotated by 90° around x.



Table 1. Interaction analysis of STAT1 with P-CTD as determined by FP. Summary table of
data shown in Fig. 4, A and B, with mean Bnax and Kp values calculated for the interaction of P-
CTD with indicated STAT1 constructs. The 95% confidence interval (CI) for each of the Kp values
is provided, indicating the variability on the estimated effects of binding.

95% ClI 95% CI
Kp (nM)

STAT variants Bmax (profile (profile

likelihood) likelihood)
U-STATI1 0.1089 0.1056 - 0.1124 11,180 10,230 - 12,220
U-AN STATI 0.06921 0.05543 - 0.09203 6198 3,710 - 10,920
pY-STATI1 0.1038 0.1005 - 0.1072 18.10 15.98 - 20.50
pY-AN STATI1 0.1146 0.1127 - 0.1166 81.44 75.80 - 87.49
pY-STAT1 AC 0.1198 0.1163 - 0.1220 46.42 41.73 - 51.61
pY-STATI1 0.1106 0.1063 - 0.1151 37.6 31.77 - 44.42
F77A/L78A
pY-STATI core 0.1148 0.1130-0.1165 194.2 184.2 - 204.7
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Fig. S1. SDS-PAGE analysis of purified STAT1 variants. (A to I) SDS-PAGE analysis of (A) U-STATI,
(B) U-AN STAT]I, (C) pY-STATIL, (D) pY-AN STATI, (E) pY-STATI1-AC, (F) pY-STAT]1 core, (G) pY-
STATI1 F77A/L77A, (H) RABV (Nishigahara strain)-P-CTD, and (I) pY-STAT1 in complex with RABV-
RVP-CTD after isolation by size-exclusion chromatography. The molecular weight (Mw) of each SDS-
PAGE marker protein is shown.
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Fig. S2. Characterization of the dimer interface of the pY-STAT1/DNA complex. (A) EM density (dimer analysis
in this study) of phosphorylated Tyr’®! in one protomer (green with orange-colored phospho moiety) recognized by
the reciprocal SH2 domain of another monomer (magenta). The side chains of Lys>**, Arg®®, and Ser®™ of the magenta
protomer are labeled, together with the main chain amide nitrogen atoms of Glu®® and Ser®%. (B) The DNA molecule
modeled in the EM density (dimer analysis in this study) of the pY-STAT1 dimer (green and magenta). DNA bases
representing two possibilities (each occupancy value of their atoms is assigned as 0.5) are labeled and shown in yellow
and cyan. For the labelling of the DNA bases, those from the yellow chain are written before the backslash and those
from the cyan chain after the backslash (yellow/cyan). (C and D) The difference of the SH2 domain—mediated
interactions between the previous crystal structure (PDB ID: 1BF5) in (C) and our current EM structure in (D) from
the same orientation. The magnified views of the interaction with amino acid residues involved are shown in the insets.
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Fig. S3. Magnified view of the dimer-dimer interface of the DBD. (A and B) Expansion of the regions
of the DBD (A) and LD (B) shown in Fig. 2D. Additional regions of the LD that form the tetramer are
shown in Fig. 2E. The different pY-STAT1 protomers related to C2 symmetry is colored green and
magenta.
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Fig. S4. SAXS analysis of pY-STATI1, and pY-STAT1/DNA, and pY-STAT1/P-CTD. (A) Top:
Calculated scattering intensities of the indicated DENSS densities (solid lines) against the experimental
scattering curves (dotted plots). Bottom: Plots of the residuals between experimental and calculated
scattering. (B) Electron densities for the three molecular species calculated with DENSS from the SEC-
SAXS experiments of pY-STATI (left), pY-STAT1/DNA (middle), and pY-STAT1/P-CTD (right). The
models were fitted in the DENESS density with ChimeraX (60)
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Fig. S5. Cryo-EM image processing workflow for the STAT1 dimer and tetramer. (A) A representative
cryo-EM micrograph and the preprocessing steps undertaken, illustrating the initial stages of data
acquisition and preparation for single-particle analysis. (B) The subsequent image-processing workflow for
single-particle analysis, highlighting the sequence of computational steps from 2D classification to 3D
reconstruction. (C) The local resolution maps and cross-validation Fourier Shell Correlation (FSC) curves,
comparing half-map reconstructions for internal consistency and map-vs.-model validation to assess the
resolution and accuracy of the final atomic models for the STATI1 dimer (left) and tetramer (right). Scale
bar, 100 A.



Table S1. SAXS data collection and analysis of pY-STAT1 complexes.

Sample details

pY-STATI1 P-CTD

Organism Homo sapiens Rabies virus nishigahara

E. coli expressed strain
Source E. coli expressed
Uniprot ID P42224 QIIPJ8
Sample details pY-STATI1 pY-STAT1/RVP-CTD pY-STAT1/DNA
SASDBD ID SASDUL4 SASDUM4 SASDUN4
Extinction (Axgo) 1.259 1.255 2.180
P.S.V (cm’ g) 0.737 0.734* 0.733
Contrast (cm™) 2.845 2.864* 2.906
Theoretical My (Da) 349278 381127.94* 371554
Initial conc. (mg/ml) 6.8 9.2 19t
Injection volume (pul) 155 130 165
Conc. range (mg/ml) 0.255-0.503 0.514-1.02 0.467-0.905

Concentration method

Solvent composition

UV-Visible spectroscopy
10 mM HEPES-NaOH pH 7.4, 150 mM NaCl, 3% glycerol, 2 mM DTT

*Stoichiometry is assumed
as 4:2

tApproximate value

SAS data collection parameters

Sample

Source, instrument

Wavelength (A)

Camera length (mm)

Beam geometry (um)

Detector

g-measurement range (A™)
Absolute scaling method

Basis for normalization to constant
counts

Method for monitoring radiation
damage

Exposure time

No. of images

Sample temperature (K)

Flow rate of HPLC during exposure

(ml/min)

pY-STATI1 pY-STAT1/P-CTD
Photon Factory
BL-10C
1.0
2081
V180xH630, Bent cylindrical mirror + 2 slits + 1 pinhole
PILATUS3 2M (Dectris)

0.0149-0.5460

pY-STATI/DNA

Comparison with scattering from pure H,O

Normalized to incident intensity by p ion chamber

data frame-by-frame comparison

20s

309 279 252
293
0.05




Software for SAS data analysis

SAXS data reduction
Basic analysis  (Guinier, P(r),

molecular mass)

SAngler 2.1.65

MOLASS 1.0.11, GNOM (ATSAS)

Ab initio modelling DENSS with DENSSWeb

Structural parameters

Guinier Analysis

Ry (A) 623+12 65.2+0.414 60.7 + 0.328

1(0) (cm™) 0.247 £ 0.0041 0.229 + 0.00105 0.16 = 0.000644

O range 0.014 to 0.401 0.00779 to 0.401 0.00883 to 0.401

max O % Ry 1.3 1.26 1.29

P(r) analysis

1(0) (em™) 0.251 +0.00691 0.227 +0.00191 0.16 + 0.00249

Rg (A) 64.5+1.97 64.8 + 0.489 61.3+1.28

Dmax (A) 211 194 203

QO-range (A™) 0.014 to 0.401 0.078 to 0.1225 0.0088 to 0.1314

M from volume of correlation (*) 368790 (1.056) 398538 (1.046) 313119 (0.843)

Porod volume (A—3) (ratio to M) 462634 (1.325) 787369 (2.066) 657199 (1.769)
V, M using MoW (ratio of M to

expected) 320620, 264522 (0.757) 330398, 272589 (0.715) 226554, 186915 (0.503)

*Ratio to the expected value.




Table S2. Cryo-EM data collection, refinement, and validation statistics of the pY-STAT1

dimer and tetramer.

pY-STATI dimer pY-STATI1
(EMDB-39680) tetramer
(PDB 8YYV) (EMDB-39679)
(PDB 8YYU)
Data collection and
processing
Magnification 81 K 81 K
Voltage (kV) 300 300
Electron exposure (e-/A?) 50 50
Defocus range (um) -0.8to -1.8 -0.8 to -1.8
Pixel size (A) 0.87 0.87
Symmetry imposed 2 2
Initial particle images (no.) 4,005,846
Final particle images (no.) 115,824 17,869
Map resolution (A) 3.07 3.84
FSC threshold
Refinement
Initial model used (PDB 1BF5, 1YVL 1BF5, 1YVL
code)
Model resolution (A)
FSC threshold 3.05 3.75
Model composition
Non-hydrogen atoms 5,249 10103
Protein residues 553 1058
Nucleic acids 36 72
B factors (A?)
Protein 113.917 265.479
Nucleic acids 126.650 185.726
R.m.s. deviations
Bond lengths (A) 0.0138 0.0133
Bond angles (°) 2.77 2.64
Validation by MolProbity
MolProbity score 3.54 3.38
Clashscore 31.43 28.66
Poor rotamers (%) 11.07 8.66
Ramachandran plot
Favored (%) 77.39 81.24
Allowed (%) 15.62 13.93
Disallowed (%) 6.99 4.84




Movie S1. Three-dimensional variation analysis of the tetramer density.



