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SUMMARY

Tank-binding kinase 1 (TBK1) is a serine/threonine protein kinase mediating innate antimicrobial
immunity. TBK1 is involved in the signaling of TLRs, RLRs, and STING-mediated sensing of
cytosolic DNA. Stimulation of these receptors results in the activation of TBK1, which
phosphorylates interferon regulatory factor IRF-3. Phosphorylated IRF-3 translocates into the
nucleus to initiate the transcription of the IFN-f gene. Here we show that TBK1 is activated by
autophosphorylation at residue Ser172. Structures of TBK1 bound to two inhibitors showed that
TBK1 has the IxB kinase fold with three distinct domains: the kinase domain, the ubiquitin like
domain, and the scaffold and dimerization domain. However, the overall structures of TBK1
monomer and its dimer are different from IKKp in the arrangements of the three domains and in
dimer formation. Phosphorylation of IRF-3 by TBK1 /n vitro results in its oligomerization, and
phosphorylation of residue Ser386 plays a key role in IRF-3 activation.

INTRODUCTION

Viral or bacterial infection stimulates host innate immune responses through a wide
spectrum of pattern recognition receptors (PRRS) that recognize pathogen-associated
molecular patterns (PAMPs) such as lipids, glycans, and nucleic acids (Barber, 2011;
Keating et al., 2011; Takeuchi and Akira, 2010). For example, Toll-like receptor 3 (TLR3)
recognizes viral dSRNA at the cell surface or in the endosome and stimulates the expression
of interferons via the adaptor protein TRIF (Oshiumi et al., 2003; Yamamoto et al., 2003).
The RIG-I like receptors recognize viral dsSRNA in the cytosol and signal through the
adaptor protein MAVS/IPS-1 (Kato et al., 2011; Kawai et al., 2005; Meylan et al., 2005;

* Corresponding Author pingwei@tamu.edu, Telephone: 979-845-1469, Fax: 979-845-9274.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Accession codes. Atomic coordinates and structure factors of mTBK1 in complex with BX795 and SU6668 have been deposited in
the Protein Data Bank with accession codes: 4JL9 and 4JLC, respectively.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shuetal.

RESULTS

Page 2

Seth et al., 2005). Microbial DNA in the cytosol activates the enzyme cGAS, which
catalyzes the synthesis of cyclic-GAMP, a secondary messenger that regulates innate
immune responses via the adaptor protein STING (Burdette and Vance, 2013; Sun et al.,
2013; Wu et al., 2013). Stimulation of these receptors leads to the expression of several
kinds of cytokines, including type | interferons, such as IFN-a and B (Takeuchi and Akira,
2009). Two protein kinases, TBK1 and IKKe, play critical roles in the signaling pathway of
these immunoreceptors (Fitzgerald et al., 2003; Sharma et al., 2003). Both TBK1 and IKKe
belong to the inhibitor kB (1xB) kinase (IKK) family and share about 30% sequence identity
to the canonical 1xB kinases IKKa and IKKp (Hacker and Karin, 2006). Engagement of
PAMPs by the PRRs leads to the recruitment and activation of TBK1 or IKKe in a variety of
signaling complexes (Hacker and Karin, 2006). Activated TBK1 and IKKe in turn
phosphorylate transcription factors IRF-3 and IRF-7 in the C-terminal regulatory domain
(RD), resulting in their oligomerization (Fitzgerald et al., 2003; Hemmi et al., 2004; Sharma
et al., 2003). Phosphorylated IRF-3 or IRF-7 then translocate to the nucleus, bind to CBP/
P300, and initiate the transcription of type I interferon genes (Lin et al., 1998; Yoneyama et
al., 1998). The adaptor protein TANK, which associated with TBK1, is needed for the
activation of IRF-3 and NF-xB (Cheng and Baltimore, 1996; Goncalves et al., 2011).

The structural studies of the IKK family protein kinases have provided important insights
into the structure and functions of these kinases. The 3.6 A resolution structure of the first
IKK family kinase Xengpus IKKP was determined recently, revealing a novel tripartite
structure of the IKK kinase (Xu et al., 2011). IKKp contains an N-terminal kinase domain
(KD), followed by an ubiquitin-like domain (ULD) and a scaffold and dimerization domain
(SDD) (Xu et al., 2011). IKKp forms an intimate dimer through interactions between the
SDDs. The dimerization of IKK is not necessary for its kinase activity but is required for
IKKP activation (Xu et al., 2011). Crystal structures of the human TBK1 KD plus ULD in
an inhibited conformation and the phosphorylated human TBK1 KD bound to the inhibitor
BX795 were determined recently, providing insight into the mechanism of TBK1 activation
and regulation (Helgason et al., 2013; Ma et al., 2012). While we were preparing this
manuscript for submission, two reports describing the structures of human TBK1 including
the SDD were published online (Larabi et al., 2013; Tu et al., 2013).

To elucidate the structure and function of TBK1 in innate immunity, we have expressed both
full-length and truncated forms of mouse TBK1 (mTBK1) in insect cells and determined the
structures of mMTBK1 bound to two inhibitors, BX795 and SU6668 (Clark et al., 2009; Godl
et al., 2005). TBK1 kinase assays showed that it is activated by autophosporylation at
residue Ser172. In vitro phosphorylation assays of IRF-3 revealed that TBK1 phosphorylates
a distinct set of residues in IRF-3 and results in the formation of various kinds of IRF-3
oligomers in solution. These results provided insight into in the mechanism of TBK1
activation and its roles in IRF-3 activation in innate immune responses.

TBK1 is activated by autophosphorylation

We have expressed GST-fusions of full-length mouse mTBK1, a C-terminal truncation form
of mTBK1 (residues 1-657, mTBK1AC), and two kinase inactive mutants of mTBK1
(K38A and S172A in mTBK1AC constructs) in insect cells. Gel filtration chromatography
showed that all the TBK1 proteins we purified formed dimers in solution after the cleavage
of the GST tag (Figure 1A). To confirm that Ser172 is the sole phosphorylation site in
autophosphorylated TBK1, we conducted /n vitro phosphorylation assays of the kinase-
inactive mutants S172A and K38A (without the GST tag) using GST-mTBK1. We found
that the S172A mutant cannot autophosphorylate or be phosphorylated by GST-mTBK1
(Figure 1B). The mutation K38A abolished autophosphorylation of TBKZ1, but this mutant
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can still be phosphorylated by the wild type GST-mTBK1 (Figure 1B). These results
demonstrated that Ser172 is the sole autophosphorylation site of mMTBKZ1. Next we analyzed
the kinase activity of TBK1 using full-length human IRF-3 as a substrate. We found that
TBK1 phosphorylates IRF-3 and induces the oligomerization of IRF-3 (Figure 1C). In
addition, we found that mTBKZ1 can no longer phosphorylated IRF-3 in the presence of
1-2M of the inhibitor SU6668 (also known as TSU-68), an anticancer drug under phase 111
clinical trials for hepatocellular carcinoma (Kanai et al., 2011) (Figure 1D). Furthermore,
GST pull-down assays of full-length mTBK1 with TANK showed that the two proteins
interact with each other directly. Truncation of the TANK-binding domain (TBD, residues
658~729) abolished the interaction between TBK1 and TANK (Figure 1E). Consistent with
this result, truncation of human TBK1 in the TBD abolished the binding of another TBK1
binding protein NAP1 (Larabi et al., 2013). Interestingly, this truncation does not affect
TBK1 kinase activity or the phosphorylation of IRF-3 by TBK1.

Overall structure of mouse TBK1

Interactions

To understand the structure and function of TBK1, we have determined the crystal structures
of mMTBK1AC (referred to as mTBK1 here after) bound to two inhibitors, SU6668 and
BX795, at resolutions of 3.0 and 3.1 A, respectively (Table 1, see also Figure S1). The
refined models contain 644 residues of mMTBK1. Residues 168 to 174 and 490 to 493 are not
well defined in the electron density maps. Both crystals belong to the space group P3,21
with similar unit cells. The crystallographic asymmetric unit contains one mTBK1 molecule.
The two mTBK1 molecules in the two complexes are similar, with an r.m.s.d of 0.47 A for
all the Ca atoms. Two mTBK1 molecules in the crystals form an intimate dimer related by a
crystallographic two-fold axis. The mTBK1 complex with SU6668 will be used to describe
structures (see below), due to its slightly higher resolution and better-defined electron
density map (see also Figure S1).

The overall structure of mTBK1 (Figure 2) is similar to the recently described inactive and
phosphorylated human TBK1 structures (r.m.s.d of 1.0 A compared to 4IM0 and 1.3 A
compared to 41W0) (Larabi et al., 2013; Tu et al., 2013), with some differences in the
activation loop and the C-terminus tail (see also Figure S2). Mouse TBK1 has three
structurally distinct domains, the kinase domain (KD), the ubiquitin-like domain (ULD), and
the scaffold and dimerization domain (SDD, Figure 2A and B). The KD of mTBK1 contains
residues 1 to 307 and exhibits a typical bi-lobal protein kinase fold (Figure 2B). The KD is
followed by the ULD (residues 308 to 384). The structure of the ULD in our TBK1
construct is similar to the isolated human TBK1 ULD structure (r.m.s.d 0.6 A) determined
previously (Li et al., 2012). The overall fold of the ULD is similar to human ubiquitin with
slightly different conformations in the exposed loop connecting strands B3’ and p4’. The
SDD of mTBK1 contains residues 385 through 656 (Figure 2A, B). The ULD is connected
to the SDD via a 22-residue linker. Both of the KD and the ULD have extensive contacts
with the SDD within the mTBK1 monomer (Figure 2B). The mTBKZ1 dimer resembles a
pair of scissors with the KDs and the ULDs forming the handles, and the two SDDs forming
the blades (Figure 3A). The overall structure of the mTBK1 dimer is triangular, with
dimensions of approximately 100 A x 120 A x 55 A. Unlike IKKp, however, the KD and
ULD of mTBK1 interact with the SDD of the other mTBK1 molecule in the dimer (Figure
3). The SDDs interact with each other through the C-terminal tip of the helical bundle
(Figure 3B), promoting the formation of the TBK1 dimer.

between the three domains of mTBK1

There are extensive interactions between the three domains within an mTBK1 molecule
(Figure 2C to E). The KD interacts with the C-terminal region of the SDD through its C-
lobe, burying a total surface area of ~830 A2. The two loops connecting the helices a.D and
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aE, helix aH and strand p10 interact with the helix a1s of the SDD and the linker between
the ULD and the SDD (Figure 2C). Hydrophobic interactions between residues Alal04,
Tyrl105, and Pro101 in the KD, and residues 11e397, Ala 417, Val421 and Tyr424 in the
SDD, make major contributions to these interactions (Figure 2C). Electrostatic interaction
between residues Glu99 and Lys416 further contributes to the interactions between the KD
and the SDD (Figure 2C). The ULD contacts both the KD and SDD, burying ~810 A2 and
~2200 A? surface areas at the two interfaces, respectively. The interaction between the KD
and ULD involves two pairs of charged residues, His327 and Asp304, Glu109 and Lys323
(Figure 2D). In addition, hydrophobic interaction between residues Tyr325, Leul13, and
Leu273, also contributes to these interactions (Figure 2D). Moreover, the sidechain of
Tyr325 forms a hydrogen bond with the sidechain of Glu109. The KD/ULD interface is
conserved in both mouse and human TBK1 structures with or without the SDD, indicating
the rigid structure of the linker between these two domains. The ULD binds at the middle of
the SDD helical bundle (Figure 2B). The interface between the ULD and the SDD is
extensive and hydrophobic. A large number of hydrophobic residues, such as Phe314,
Leu316, Met319, Ala321, 11e353, and Phe380 from the ULD, residues Leu438, Met439,
Leu387, Met439, Tyr435, Trp445, Leud49, Phe612, and Met620 from SDD, are involved in
these interactions (Figure 2E). Electrostatic interactions between Glu351 and Arg627, and
Arg358 and Asp453, make additional contributions to the ULD/SDD interaction (Figure
2E).

Structure of the mTBK1 scaffold and dimerization domain

The SDD of mTBK1 forms a long twisted helical bundle of ~110 A in length (Figure 2B).
The two long continuous helices a1s and a4s contain 77 and 70 residues, respectively. The
C-terminal 30 residues of helix a.1s make major contributions to the TBK1 dimer formation
(Figure 3A, B). The third helix is broken into two segments of 24 (a.2s) and 31 (a.3s)
residues connected by a long loop of 29 residues (Figure 2B). Although the overall structure
of mTBK1 is similar to that of IKK, the organization of the three domains in mTBK1 is
dramatically different from that of IKK (Figure 4). When the structurally conserved kinase
domains of mMTBK1 and IKKp are superimposed, the positioning of the ULDs and SDDs are
obviously different in the two structures (Figure 4A). As reflected by the low sequence
identity between the SDDs, the structures of the helical bundle in mTBK1 and IKKp are
quite different (r.m.s.d of 4.5 A for 151 Ca atoms). Superposition of the two SDDs showed
that only the third helices of the two structures match each other (see also Figure S3). The
other helices, especially the first helices in the SDDs, are positioned differently in the two
structures. These structural differences may contribute to the different functions of the two
kinases in innate immunity, such as substrate specificity.

Molecular interactions in the TBK1 dimer

Both human TBK1 KD and KD-ULD are monomers in solution (Ma et al., 2012). In
contrast, mMTBK1 with the SDD forms an intimate dimer in solution and in the crystal,
suggesting the SDD-mediated dimer is likely functionally relevant. Small angle X-ray
scattering (SAXS) and electron microscopy (EM) analysis of similar human TBK1
constructs confirmed this hypothesis (Larabi et al., 2013; Tu et al., 2013). All the three
domains of mTBK1 are involved in the dimer formation (Figure 3). The total buried surface
area at the mTBK1 dimer interface is ~4300 A2, with the SDDs contributing ~1800 A2, the
ULDs contributing ~1200 A2, and the KDs contributing ~1500 A2, Electrostatic and
hydrophobic interactions between the SDDs make major contributions to the dimer interface
(Figure 3B). Four pairs of charged residues between Glu456 and His459, Asp649 and
Lys479, are observed at the interface between the SDDs (Figure 3B). In addition, five pairs
of hydrophobic residues, including Leu458, Val481, Phe470, 1le466 and Tyr482 from both
of the SDDs, are buried at the SDD interface (Figure 3B). The kinase domain interacts with
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the neighboring SDD through two loops connecting strands 33/B4 and strands p7/p8 (Figure
3C). Six pairs of charged residues, including Asp148 and Arg547, Glu147 and Lys596,
Asp33 and Lys589, are observed at the KD/SDD interface across the dimer (Figure 3C). In
addition, three hydrophobic residues, Val554, Phe585, and 11e582, mediate van der Waals
contacts between the KD and the SDD (Figure 3C). The extensive interactions between the
KD and the SDD, both within the mTBK1 monomer and across the dimer interface, likely
contribute to the overall structural rigidity of mTBKL1. In addition, four pairs of charged
residues, Glu355 and Arg444, Arg357 and Asp452, mediate the interactions between the
ULDs and the SDDs in the mTBK1 dimer (Figure 3D). The bulky sidechains of Tyr354 and
Trp455 buried at the dimer interface also contribute to the ULD/SDD interactions (Figure
3D). Mutations of residues at the dimer interface that disrupted the dimerization of TBK1
reduce the kinase activity and the autophosphorylation of human TBK1 (Larabi et al., 2013;
Tu etal., 2013). In contrast to mTBK1, the dimer interaction between IKKp is mediated
exclusively by the SDDs (buried surface of ~3200 A2), with extensive contacts at both ends
of the SDDs (Figure 4C). Hydrophobic interactions near the C-terminal of the SDDs make
major contributions to the IKK dimer formation. In addition, electrostatic interactions near
the N-terminal of the SDDs make minor contributions to the dimer interface.

Structure of the mTBK1 kinase domain

The structure of the mTBK1 KD (Figure 5A) is similar to that of the previously determined
human TBK1 KD in the inactive conformation (r.m.s.d 1.46 A for 257 Ca atoms, Figure
5B). The overall structure of mTBK1 KD is also very similar to the phosphorylated human
TBK1 KD (r.m.s.d 1.28 A for 259 Ca atoms, Figure 5C) (Ma et al., 2012). The major
structural differences between mTBK1 KD and the inactive or the active human TBK1 KD
are obvious only at the activation loops and the a.C helices (Figure 5B, C). It seems that the
kinase domains of TBK1 excluding the activation loop and the a.C helix are quite rigid even
in the absence of the SDD. The backbone structures of the kinase domain are not affected by
interactions with the ULD or the SDD as well as phosphorylation at Ser172 (Figure 5B, C).
Although the activation loop structure of mTBK1 is quite different from that in the human
TBK1 KD-ULD structure (Figure 5B), both of them form a domain swapped dimer in the
crystals, interacting with a neighboring kinase domain using the same set of residues
(residues 178 to 184 in mTBK1) containing the HPD motif (see also Figure S4). These
residues are well defined in the electron density map, but the flanking residues are poorly
defined in the mTBK1 structure, reflecting the structural flexibility of the activation loop in
the inactive kinases. In contrast, the HPD motif was modeled as part of the KD within a
TBK21 monomer in the inactive human TBK1 structures (see also Figure S2) (Larabi et al.,
2013; Tu et al., 2013). Phosphorylation of human TBK1 at residue Ser172 results in the
refolding the activation loop (Figure 5C). Interactions between p-Ser172 and three positively
charged residues, Arg54, Arg134, and Arg163, stabilize the active conformation of the
activation loop. Strikingly, residues 178 to 184 around the HPD motif within the active
kinase displaced these residues from a neighboring kinase to form the active conformation
of TBK1 (Figure 5C), suggesting that the interactions between residues 178 to 184 and KD
in the inactive kinase may play an inhibitory role in the domain swapped dimer. The same
short polypeptide also plays a key role in maintaining the active conformation of TBK1.

To understand roles of the SDD in TBK1, we generated a molecular model of active
mTBKZ1 by superpositioning the crystal structure of phosphorylated human TBK1 KD
(PDB, 4EUU) onto the structure of mTBKL1. The backbone structure of the model is very
close (r.m.s.d of 1.0 A) to that of the 4.0 A resolution structure of phosphorylated human
TBK1, confirming that this model is valid for structural analysis (Larabi et al., 2013). To
probe the substrate binding site and the active site of TBK1 in this model, we superimposed
the protein kinase A (PKA) substrate complex structure (PDB, 1ATP) onto this model
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(Zheng et al., 1993). The model indicates that mTBK1 likely bind the substrate at a deep
groove between the KD and the SDD (Figure 5D, see also Figure S5). It is likely the N-
terminal section of helix a1 and the linker between the ULD and the SDD are involved in
substrate recognition by TBK1 (Figure 5D, see also Figure S5). It has been suggested that
the corresponding regions of IKKp are likely involved in substrate recognition as well (Xu
etal.,, 2011).

Furthermore, we observed that the two inhibitors of TBK1, BX795 and SU6668, bind to the
ATP binding pocket between the N-lobe and the C-lobe of the kinase domains (Figure 5E).
The aromatic rings of the two inhibitors occupy the binding pocket for the adenine base of
ATP (Figure 5E). The inhibitors interact with TBK1 mainly through hydrophobic
interactions and hydrogen bonds. Based on the structure of SU6668 bound to TBK1, it is
possible to improve the specificity and affinity of this family of compounds to TBK1. The
methyl group attached to C5 could be replaced by a hydrophilic hydroxyl or amine group
that may form additional hydrogen bonds with the nearby carbonyl groups of residues Cys89
and Pro90. A hydroxyl group or amine group could be attached to C15 to form a hydrogen
bond with the carbonyl of Glu87. It will also be favorable to replace the methyl group
connected to C7 with a hydroxyl group that may form a hydrogen bond with the amine
group of Gly16.

The mechanism of IRF-3 activation by TBK1

To elucidate the mechanism of IRF-3 activation by TBK1, we conducted /n vitro
phosphorylation assays of human IRF-3 (hIRF-3) using purified mTBK1. We found that
hIRF-3 is potently phosphorylated by mTBK1 without the need of any additional proteins.
Gel filtration chromatography analysis showed phosphorylation of IRF-3 induced the
oligomerization of the protein (Figure 6A). The estimated mass of the hIRF-3 oligomer is
about 300 kD (Figure 6A), which is much larger than an IRF-3 dimer (theoretical mass 95
kD). The phosphorylated hIRF-3 peak is broad and unsymmetrical (Figure 6A), indicating
the existence of multiple species in the samples. In addition, phosphorylation of hIRF-3
regulatory domain (RD) by mTBK1 also induced the oligomerization of the protein (Figure
6B), demonstrating that the phosphorylated IRF-3 RD mediates the oligomerization of
IRF-3. The estimated molecular mass of the phosphorylated hIRF-3 RD is about 130 kD,
which is much larger than a dimer of the RD (theoretical mass 65 kD). This further supports
that phosphorylation of IRF-3 by TBK1 induces the oligomerization of the protein.

To determine the oligomerization state of the phosphorylated IRF-3, we analyzed the
phosphorylated hIRF-3 by analytical ultracentrifugation (AUC, Figure 6C to F).
Sedimentation velocity experiments revealed that native hIRF-3 sedimented predominantly
as a single monomeric species with a frictional ratio of 1.5, consistent with a mildly
elongated protein (Figure 6C and E). Upon phosphorylation, the hIRF-3 monomeric peak
shifted to a combination of compact, faster-sedimenting species and a series of higher-order
oligomers (Figure 6D and F). The compact species show very low frictional coefficients
near 1.0 (which corresponds to an ideal sphere), with estimated masses consistent with
monomer and dimer species that are in exchange over the time course of the sedimentation
experiment. Thus, phosphorylation induces a conformational collapse of the hIRF-3
monomer into nearly-spherical monomeric and dimeric species. Furthermore, the
phosphorylated hIRF-3 formed several higher-order oligomers, including a highly elongated
putative tetramer with a frictional ratio above 3, and a series of fiber-like oligomers with
estimated masses ranging from a 13-mer up to a 32-mer (Figure 6D and F). To our
knowledge, these data are the first reported evidence of significant conformational change in
full-length hIRF-3 and the formation of highly elongated oligomers and fiber-like species
upon phosphorylation by TBK1. It is obvious from this study that phosphorylation of IRF-3
induced the oligomerization instead of merely dimerization of IRF-3. To investigate which

Structure. Author manuscript; available in PMC 2014 July 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shuetal.

Page 7

oligomer of IRF-3 might be functional, we expressed the IRF-3 binding domain of CBP,
purified the phosphorylated IRF-3 RD bound to CBP, and analyzed the complex by gel
filtration chromatography. The IRF-3 RD and CBP complex is homogenous and shows a
symmetrical peak with an estimated mass of ~98 kD (see also Figure S6). Based on this
result, it is likely the IRF-3 RD dimer or trimer associate with CBP. As no higher order
complex between CBP and IRF-3 were observed, it is likely that phosphorylated IRF-3 is in
a equilibrium of various oligomers, but only one kind of these oligomers binds CBP.

To identify the TBK1 phosphorylation sites of IRF-3, we separated the phosphorylated
hIRF-3 from mTBK1 by SDS-PAGE, and then analyzed the phosphorylated hIRF-3 by mass
spectrometry (LC-MS/MS) after trypsin digestion. Over 80% of the IRF-3 sequence was
covered in this analysis, which included the complete RD (see also Figure S7).
Phosphorylation at residues Thr3, Ser14, Thr75 and Ser97 were observed in the N-terminal
DNA binding domain of hIRF-3 (see also Figure S7). Phosphorylation of Thr180, Ser188,
Thr237, Thr244, Thr253, Ser386, Ser398, Thr404, and Ser427 were observed in the hIRF-3
RD (see also Figure S7). The MS analysis clearly identified Ser386, Ser398, and Thr404 as
the primary TBK1 phosphorylation sites in the RD of hIRF-3 (Figure 6G). To test the roles
these phosphorylated residues in IRF-3 activation, we generated five mutants of hIRF-3
based on the phosphorylation sites identified in our MS analysis and previous reports
(Suhara et al., 2000; Takahasi et al., 2010; Yoneyama et al., 2002). We have purified all the
hIRF-3 mutants to homogeneity and conducted /n vitro phosphorylation assays using
purified mTBKZ1. Consistent with results from previous studies, we found that mutations of
Ser386 to alanine abolished hIRF-3 dimerization after phosphorylation (Figure 6H).
Mutations of other residues, such as Ser396, Ser398, Ser402 individually, or Thr404
together with Ser405, reduced the rate of IRF-3 oligomer formation (Figure 6H). These
results showed that the phosphorylation of Ser386 in IRF-3 is necessary for the activation of
IRF-3 by TBK1.

DISCUSSION

We have conducted comprehensive biochemical and structural characterizations of mTBK1.
Our results suggest that TBK1 is activated by autophosphorylation /n trans at residue
Ser172. Although the truncation of TBD does not affect TBK1 kinase activity or the
phosphorylation of IRF-3, the truncated TBK1 failed to associate with the adaptor protein
TANK. In addition, the structures of TBK1 bound to the inhibitors revealed novel structure
features of TBK1. Although TBK1 contains three similar domains similar to IKKB (Xu et
al., 2011), the relative orientation of the three domains and the way they interacts with each
other are dramatically different in TBK1 and IKK. The structure of the SDDs of TBK1 and
IKK are rather different. Furthermore, the /in vitro phosphorylation experiments showed
that TBK1 phosphorylates IRF-3 directly and induces the oligomerization of IRF-3. Mass
spectrometry analysis of IRF-3 phosphorylated by TBK1 identified a distinct set of residues
in both the DNA binding domain and C-terminal RD of TBK1. Interestingly, our
mutagenesis analyses show that phosphorylation of residue Ser386 is critical for the
activation of IRF-3 by TBK1. These results provided important structural insights into the
biological functions of TBK1 in mediating the signaling of innate immune receptors.

The structures of human TBK1 KD+ULD in the inactive conformation and the
phosphorylated KD provided insight into the mechanism of TBK1 activation and inhibition
(Ma et al., 2012). Our structural study of nearly full-length TBK1 provided additional
insight into structure and function of TBK1 (Figure 2B). The structure showed that mTBK1
forms an intimate dimer through extensive interactions between the SDDs, the KDs and
ULDs with the SDDs (Figure 3). The extensive interactions between the three domains
within the TBK1 monomer and dimer indicate that the TBK1 kinase domain has a relatively
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rigid structure, thus it is unlikely that two kinase domains within the TBK1 dimer would
interact with each other or phosphorylate each other. Consistent with this observation, only a
small fraction of TBK1 is phosphorylated when purified from the insect cells. Perhaps, this
is a mechanism to prevent the premature activation of the enzyme without the stimulation of
innate immune receptors. In contrast, TBK1 constructs without the SDD are extensively
phosphorylated even when they were coexpressed with phosphatase (Ma et al., 2012),
indicating the SDD is important in regulating the activation of TBK1. As shown by the
domain-swapped dimer structure of TBK1 observed in the crystals (see also Figure S4), it is
most likely that TBK1 autophosphorylates /n trans, which is consistent with the model
proposed previously based on the structural studies of human TBK1 without the SDD (Ma et
al., 2012). Since TBK1 with truncations in the SDD is not functional in cells (Goncalves et
al., 2011), it is obvious that the SDD plays a critical role in the function of TBK1. The C-
terminal region of TBK1 is needed to interact with various kinds of adaptor proteins such as
TANK and NAP1 (Goncalves et al., 2011). These adaptor proteins are likely mediating the
recruitment of TBK1 to distinct signaling complexes (Goncalves et al., 2011). Consistent
with these implications, we found that truncation of the TBD of TBK1 disrupted its
interaction with TANK. Our structural analysis indicated that the SDD likely has additional
functions. For example, TBK1 may bind its substrate at a deep groove between the SDD and
KD, so the SDD may also contribute to substrate recognition by TBK1.

Another important question about the function of TBK1 is how TBK1 activates IRF-3 in
response to microbial infection. An induced proximity model for TBK1 activation has been
proposed previously (Ma et al., 2012). This model suggests that stimulation of
immunoreceptors such as TLRs, RLRs, and STING results in the recruitment of TBK1 and
IRF-3 to the signaling complex and the induced proximity of TBK1 leads to the activation of
the kinase and subsequent phosphorylation of IRF-3 (Ma et al., 2012). Our in vitro IRF-3
phosphorylation experiments support this model. We found that at sufficiently high
concentration, TBK1 autophosphorylates and activates IRF-3 without the need of any
additional factors (Figure 1B and C). Consistent with these results, overexpression of TBK1
in cells induces the expression of IFN-P (Fitzgerald et al., 2003). The conformation change
of STING upon ligand binding likely promotes the recruitment of TBK1 to the signaling
complex (Huang et al., 2012). In addition, K63-linked ubiquitination of TBK1 at residues
Lys30 and Lys401 seems also required for TBK1 activation and signaling (Tu et al., 2013).
The polyubiquitin chains on these residues likely play a role in bringing the TBK1 dimers
close to each other for autophosphoryltion (Larabi et al., 2013; Tu et al., 2013).

Our mass spectrometric analysis of /n vitro phosphorylated IRF-3 by TBK1 showed that
Ser386, Ser398, and Thr404 in the RD of IRF-3 are key phosphorylation sites by TBK1
(Figure 6G, see also Figure S6) that are critical for the phosphorylation-induced
oligomerization of IRF-3. A comparison of phosphorylation sites identified previously with
our data indicates that TBK1 and IKKe phosphorylate a distinct but overlapping set of
residues (Fujii et al., 2010; Takahasi et al., 2010). Both TBK1 and IKKe specifically
phosphorylate Ser386, but selectively phosphorylate other residues in the RD of IRF-3.
Previous studies showed both sets of residues were observed in phosphorylated IRF-3 (Lin
etal., 1998; Yoneyama et al., 1998). It is likely both TBK1 and IKKe are involved in the
activation of IRF-3 and these two kinases may not be functionally redundant.

Analytical ultracentrifugation analysis of /n vitro phosphorylated IRF-3 showed that
phosphorylation of IRF-3 by TBK1 induces a conformational change and results in the
formation of dimers, tetramers and oligomers of IRF-3 (Figure 6C to F). Consistent with the
AUC results, gel filtration chromatography of phosphorylated IRF-3 shows a broad peak
with estimated size much larger than an IRF-3 dimer (Figure 6A and B). These different
forms of oligomers are likely resulted from different levels of phosphorylation. Consistent
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with this, ion exchange chromatography showed that IRF-3 RD coexpressed with IKKe also
forms various kinds of monomers, dimers, and oligomers at different levels of
phosphorylation (Takahasi et al., 2010). It is also possible that fully phosphorylated IRF-3
exists in a equilibrium of these oligomers. It is likely that the oligomers of IRF-3 are
required for transcription initiation due to their increased avidity for DNA. Since TBK1 and
IKKe may play complementary roles in IRF-3 activation, it will be interesting to test what
happens when IRF-3 is phosphorylated by both TBK1 and IKKe.

There are still a number of unresolved questions concerning the structure and function of
TBK1. For example, it is not clear how TBK1 mediates distinct signaling events from
different receptors. Interactions of TBK1 with various kinds of adaptor proteins may
contribute to its roles in different signaling events. TBK1 phosphorylates a wide range of
substrates involved in immunity and other cellular functions (Barbie et al., 2009; Ou et al.,
2011; Pilli et al., 2012; Wild et al., 2011; Xie et al., 2011), but it is not clear how TBK1
achieves such a wide range of substrate specificity. Structures of phosphorylated TBK1 in
complex with various substrates or peptides from these substrates will provide insight into
these important questions.

TBK1 is an important therapeutic target for antimicrobial and anticancer agents. The crystal
structures of mMTBK1 bound to the two inhibitors provided a structural basis for designing
novel inhibitors of TBK1. Although both of BX795 and SU6668 bind at the ATP binding
site, they interact with TBK1 in different ways. SU6668 has additional contacts with TBK1
on the opposite side of the triphosphate group, while BX795 has additional contacts near the
triphosphate binding sites (Figure 5E). New inhibitors can be designed based on these two
structures to improve their specificity for TBK1. Moreover, the HPD motif binding site may
serve as another target for drug design. This motif interacts specifically with inactive TBK1
in the domain-swapped dimer and likely plays a role in suppressing the autophosphorylation
of TBKL. Inhibitors based on this structure are likely highly specific for TBK1. The
potential substrate-binding site between the KD and the SDD can also be a target for drug
design. A short helical peptide is likely to bind to this site and block the access of the
substrate. Therefore, our work may have important implications in designing novel
antimicrobial or anticancer agents targeting TBK1.

EXPERIMENTAL PROCEDURES

Protein expression and purification

Full-length and C-terminal truncation (residues1-657) of mouse TBK1 were cloned into the
pAcGHLTc baculovirus transfer vector. The vector contains a glutathione S-transferase
(GST) tag and a 6xHis tag upstream of the multiple cloning sites. The plasmids were
transfected with Baculo-Gold bright linearized baculovirus DNA (BD Biosciences) into sf9
insect cells to generate recombinant baculovirus. The recombinant viruses were amplified
for at least two rounds before being used for large-scale protein expression. To express the
proteins, the insect cells were infected with the recombinant baculovirus in serum-free
media (Thermo Scientific). The cells were cultured at 27°C and harvested 60 hrs after
infection. The selenomethionine (Se-Met)-substituted mMTBK1AC S172A was expressed in
sf9cells. These cells were initially grown in serum-free insect cell medium (Thermo
Scientific). The viral stock was added to the cells at a density of 2.5 x 10° cells/ml, the
infected cells were harvested by centrifugation and resuspended in the ESF921 methionine-
free medium (Expression Systems) 24 hrs after infection. Se-Met (Arcos Organics) was
added at 100 mg per liter of culture at 12 hrs and again at 36 hrs after medium change. The
cells were harvested 72 hrs after infection. The cells were lysed in the lysis buffer (0.2M
Tris-HCI, 150mM NaCl, ImM PMSF, 1% NP-40, pH 8.0). The recombinant proteins in the
lysate supernatant were purified by nickel affinity chromatography (batch method) followed
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by gel filtration chromatography. For crystallization or other assays, the GST-His tag was
cleaved using thrombin before gel filtration chromatography.

Human IRF-3 (hIRF-3), human IRF-3 RD (residues 189-427, hIRF-3C), mouse TANK
(mTANK), and human CBP (residues 2066 to 2111) were cloned into vector pET28-SUMO
and expressed in Escherichia coli BL21(DE3) cells at 15 °C. The recombinant proteins were
purified by nickel affinity chromatography followed by gel filtration chromatography. The
6xHis-SUMO tag was cleaved using SUMO protease before gel filtration chromatography.
All these proteins were eluted from the gel filtration column using a buffer containing 20
mM Tris-HCI, 150 mM NacCl, at pH7.5 (buffer A), The samples were concentrated and snap
frozen in liquid nitrogen and stored at -80 °C. All the mutants of TBK1 and IRF-3 were
generated using the QuickChange™ site-directed mutagenesis Kit (Stratagene) according to
the manufacturer's protocol. The mutant proteins were purified the same way was the wild
type proteins.

Protein kinase assays

The in vitro kinase assay was performed as described previously with some modifications
(Shu et al., 2012). For TBK1 autophosphorylation assays, in each 30 .l kinase assay
reactions, 3 pg mTBK1 or mutants were incubated with or without 1 pg GST-mTBK1 in a
buffer consisting of 20 mM HEPES (pH 7.5), 100 mM NacCl, 10 mM MgCl,, 2 mM DTT,
100 M ATP, and 0.5 I [y-32P] ATP for 2 hrs at room temperature. To analyze TBK1
inhibition by SU6668, in each 30 .l kinase assay reactions, 100 ng prephosphorylated
mTBK1AC was incubated with a serial dilution (2x) of SU6668 in a buffer consisting of 10
pg hIRF-3, 20 mM HEPES (pH 7.5), 200 mM NaCl, 10 mM MgCl,, 2mM DTT, 100 uM
ATP, and 0.5 pl [y-32P] ATP for 2 hrs at room temperature. The phosphorylated samples
were resolved by SDS-PAGE using 10% gel and imaged using a storage phosphor imaging
system. For IRF-3 gel shift assays, each 50 p.l kinase assay reaction contains 36 pg hIRF-3
or its mutants and incubated with 6 g prephosphorylated mTBK1 in a buffer containing 20
mM HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCly, 2 mM DTT, 5 mM ATP for 40 min at
room temperature. Phosphorylation induced oligomerization of WT hIRF-3 or its mutants
was examined by native PAGE using 10% gels.

GST pull-down assays

In the GST pull-down assays, 100 I recombinant GST-mTBK1 or GST-mTBK1AC with or
without purified TANK were incubated with 40 I glutathione-Sepharose beads (GE
Healthcare) and incubated at 4°C for 1 hr. The beads were washed for four times with 200
pl of PBS buffer, boiled in SDS-PAGE loading buffer, and analyzed by SDS-PAGE using
10% gels.

Crystallization, data collection, and structure determination

Mouse TBK1 is partially phosphorylated when purified from the insect cells and does not
crystallize. To generate homogeneous sample for crystallization, we treated mTBK1 with A
phosphatase and crystallized it in complex with BX795. The kinase inactive S172A mutant
of mTBKZ1 was generated later on and crystallized under similar conditions as the
dephosphorylated protein. To crystalize of mTBK1, native or Se-Met labeled mMTBK1AC
S172A was concentrated to ~10 mg/ml, the inhibitors were added to the samples at a
concentration of 0.15 mM. The proteins were crystallized by hanging drop vapor-diffusion
method at 4°C over a reservoir containing 0.1 M sodium citrate, 10%~14% isopropanol and
0.1 M HEPES buffer at pH 8.0. Large single crystals grew in about two weeks. The crystals
were frozen in liquid nitrogen in a cryo-buffer containing 30% ethylene glycol and 10%
PEG400 in the mother liquor. The diffraction data were collected at the Advance Light
Source (ALS) beamline 5.1 and 5.2. The BX795 complex data were processed with the
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HKL2000 package (Otwinowski and Minor, 1997). The SU6668 complex data were
processed with Mosflm and scaled with Scala in the CCP4 package (Winn et al., 2011).
Statistics of data collection are shown in Table 1.

The structure of the mTBK1/BX795 complex was determined by molecular replacement
using the kinase and ubiquitin like domain of human TBK1 (PDB, 1EUT) and the C-
terminal domain of Xenopus IKKB (PDB, 3QA8) as search model using Phaser in the
Phenix package (Adams et al., 2010). The C-terminal domain of mTBK1 was completely
remodeled due to low sequence homology and structural similarity with IKKB. The amino
acid sequence of mTBK1 was confirmed by an anomalous difference map (Dgno-®c map)
from a Se-Met derivative crystal. Thirteen peaks (>4.8c) were observed in the map of which
12 correspond to the Se sites and one corresponds to the iodine atom in BX795. The
structures were refined using the Phenix package (Adams et al., 2010). The mTBK1/SU6668
complex structure was solved by molecular replacement using the refined mTBK1/BX795
complex structure as search model. After remodeling in O (Jones and Kjeldgaard, 1997), the
structure was refined with the Phenix package. Statistics of structural refinement are shown
in Table 1. Buried surface area and molecular contacts were evaluated with the CNS 1.3
package (Brunger et al., 1998). Comparison of the structures was carried out with the
program Superpose in the CCP4 package. The graphics software Coot (Emsley et al., 2010)
was used extensively during remodeling and refinement. All structural figures were
generated with PyMol.

Gel filtration chromatography of phosphorylated IRF-3

Human IRF-3 at 1 mg/ml concentration was incubated for 16 hrs at 27 °C with 0.05 mg/ml
GST-mTBK1 in a buffer containing 20 mM HEPES at pH 7.5, 100 mM NaCl, 10 mM
MgCl,, 0.1 mM sodium vanadate, 5mM sodium fluoride, 5 mM DTT, and 5 mM ATP. The
phosphorylated IRF-3 was purified on a Hiload 16/60 superdex200 column (GE Healthcare)
eluted with buffer A. The purified sample was analyzed on a Superdex200 (10/300 GL)
column (GE Healthcare) eluted with buffer A. The column was calibrated with a set of
protein standards for gel filtration chromatography (Bio-Rad) to ensure accurate estimation
of the molecular weight of the proteins.

Analytical ultracentrifugation analysis of IRF-3

Sedimentation velocity AUC analyses were conducted using a Beckman ProteomeLab XL-I
with samples of full-length hIRF-3 in both native and phosphorylated states, each in a buffer
of 20 mM pH 7.5 Tris-HCI, 150 mM NaCl, and 5 mM pB-mercaptoethanol. Samples were
spun overnight at 44,000 rpm in an An-60Ti rotor maintained at 10 °C and data were
collected using absorbance optics. Raw sedimentation data were deconvoluted into
sedimentation coefficient distributions using both c(s) and c(s,f/fg) approaches in the
program Sedfit version 12.0c (Brown and Schuck, 2006). Data were examined at both 95%
and 67% confidence intervals in the c(s) and c(s,f/fp) analysis. Both analyses revealed
similar predicted molecular masses for the various species observed. The 67% confidence
interval data are shown to better illustrate the component species in solution after hIRF3
phosphorylation. Values for buffer density and viscosity and partial specific volume of
hIRF3 were calculated using Sednterp version 1.09.

Mass spectrometry of phosphorylated IRF3 and TBK1

The proteins in the SDS-PAGE gel bands were reduced with DTT to break disulfide bond
and cysteine residues were alkylated by iodoacetamide to allow the recovery of Cys-
containing peptides. The gel bands were washed, dried down in a speed vacuum, and
rehydrated with a buffer containing trypsin to allow trypsin to enter the gel. The peptide
samples were loaded on a nanoscale capillary reverse phase C18 column by a HPLC system
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(Waters ACQUITY UPLC), and eluted by a gradient (~30 min). The eluted peptides were
ionized, and detected by an inline mass spectrometer (Thermo Q Exactive). The spectra
were collected first (in ~0.5 sec) and the top 20 abundant ions or ions within pre-defined
mass ranges (for targeted MS/MS) were sequentially isolated for MS/MS analysis (each in
~0.1 sec, totaling ~2 sec). This process (~2.5 sec) was cycled over the entire elution
chromatography gradient, acquiring more than 14,000 MS/MS spectra during a 30-min
elution. Database searches were performed using Sequest search engine in the SPIDERS in-
house software package. All matched MS/MS spectra were filtered by mass accuracy and
matching scores to reduce protein false discovery rate to less than 1%. The modification
sites were determined by dynamically assigning related mass addition to all possible amino
acid residues during database search. Modified residues were further validated by manual
examination of raw spectra and confirmed on the basis of the unambiguous assignment of
characteristic site-specific fragment ions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TBK1 is activated by autophosphorylation. (A). Gel filtration chromatography analysis of
purified mTBKZX. (B). Phosphorylation assays of wild type mTBK1 and its mutants. (C).
TBK1 phosphorylates human IRF-3. The assay on the left used y-32P-ATP in the reaction.
The band shows phosphorylated hIRF-3. The assay on the right is a native PAGE analysis of
unphosphoryalted and phosphorylated hIRF-3 (D). The inhibition of mTBKZ1 kinase activity
by SU6668. The concentration of SU6668 used in the assay is from 8 nM to 2 uM. The
bands show phosphorylated hIRF-3. (E). GST pull-down assays of full-length and C-
terminal deletion mutant of mTBK1 with TANK.
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Figure 2.

Crystal structure of mouse TBK1. (A). Domain organization of mTBK1, showing the
boundaries of the kinase domain (KD), ubiquitin-like domain (ULD), the scaffold and
dimerization domain (SDD), and the TANK-binding domain (TBD). The construct used for
crystallization is truncated at the C-terminus of the SDD at residue Thr657. (B). Ribbon
representation of the structure of the mTBK1 monomer colored rainbow from blue at the N-
terminus to red at the C-terminus. The inhibitor SU6668 is shown by the yellow stick model.
(C). Close up of the interface between the KD (blue) and the SDD (red). Residues mediating
the interactions between the two domains are shown by the stick models. (D). Interactions
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between the KD (blue) and the ULD (green). (E). Close up of the interface between the
ULD (green) and the SDD (red).
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Figure3.

Structure of the mTBK1 dimer. (A). Ribbon representations of two views of the mTBK1
dimer. The KDs are colored blue and light blue, the ULDs green and cyan, and the SDDs
red and brown. (B). Interactions between the SDDs in the mTBKZ1 dimer. Residues at the
SDD interface are shown by the pink and the yellow stick models. For clarity, only one set
of residues are labeled in the symmetrical dimer. (C). Interactions between the KD (blue)
and the SDD (brown) in the mTBK1 dimer. (D). Interactions between the ULD (green) and
SDD (brown) in the mTBK1 dimer.
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Figure4.

Mouse TBK1 exhibits distinct domain organization compared to the canonical 1xB kinase.
(A). Superposition of mTBK1 (blue, green, and red) and Xenopus IKK (yellow) structures
via the kinase domains. (B). Structure of the mTBKZ1 dimer viewed along the SDD helical
bundles (red and brown). The C-termini of the SDDs point away from the reader. (C).
Structure of Xenopus IKK in the same orientation as mTBK1, showing the different
arrangement of its KD and ULD relative to the SDD.
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Figure5.
Structure of the mTBK1 kinase domain. (A). Ribbon representation of the structure of

mTBK1 KD bound to the inhibitor SU6668. The KD is colored rainbow from blue at the N-
terminus to green at the C-terminus. The inhibitor SU6668 is shown by the yellow stick
model. (B). Comparison of the mouse (blue to green) and human (magenta) TBK1 KD
structures in the inactive conformations. The human TBK1 KD structure was determined
without the SDD. (C). Comparison of the mouse TBK1 KD structure with the
phosphorylated human TBK1 KD structure. The human TBK1 KD structure was determined
without the ULD and the SDD. Phosphorylated Ser172 in the human TBK1 KD is shown by
the red stick model. (D). Molecular model of phosphorylated mTBK1. The model was
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generated by superimposing of the phosphorylated human TBK1 KD (cyan ribbons) onto
the KD of the mTBK1 structure. ATP (gray stick model) and the substrate of PKA (yellow
space-filling model) were introduced into the model by superimposing of the PKA structure
onto the TBK1 KD structure. The mTBK1 SDD were shown by the gray space-filling
model, with the C-terminus of the SDD points away from the reader. (E). The SU6668 and
BX795 binding sites of mTBK1. TBK1 is shown by the cyan and light blue surface
representations. The inhibitors are shown by the yellow stick models. ATP was introduced
to the mTBKZ1 structure by superimposing of the PKA/ATP complex structure onto the
mTBK1 KD.
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Figure6.

Phosphorylation of IRF-3 by TBK1 induces the oligomerization IRF-3. (A). Gel filtration
chromatography analysis of phosphorylated full-length hIRF-3. (B). Gel filtration
chromatography analysis of phosphorylated hIRF-3 regulatory domain (RD). (C). Analytical
ultracentrifugation analysis of unphosphorylated IRF-3, shown as a 3-D shape and size
distribution plot. Higher values of f/fy correspond to elongated species; a f/fy value of 1.0
corresponds to an ideal sphere. (D). 3-D shape and size distribution plot for phosphorylated
IRF-3, revealing a combination of nearly spherical species (f/fy near 1.0) and a series of
elongated oligomeric forms. (E, F). Two-dimensional representation of panels (C) and (D),
with the major peaks identified based on frictional ratio and predicted mass. (G).
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Phosphorylation sites in the RD of hIRF-3 identified by LC-MS/MS. (H). Mutations of
hIRF-3 at the TBK1 phosphorylation sites affect phosphorylation-induced oligomerization
of IRF-3. Wild type and mutants of hIRF-3 were phosphorylated with mTBK1. The
phosphorylated samples were analyzed by native PAGE.
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Table 1

Data collection and refinement statistics for TBK1

mTBK 1/BX795 mTBK 1/SU6668
Data collection
Space group P3,21 P3221
Cell dimensions
a b cA) 140.78, 140.78, 86.57  140.48, 140.48, 86.56
a By 90.0, 90.0, 120.0 90.0, 90.0, 120.0

Resolution (A)

Roym OF Rinerge
ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/ Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

3.10 (3.15103.10) "
6.4% (>1.0)

40.0 (1.8)

99.9 (100.0)
7.2(7.5)

31
18240
22.7% (26.9%)

5230
34

108.2
80.3

0.003
0.683

3.0 (3.18 t0 3.0)

10.6% (>1.0)
12.1(1.7)
100.0 (100.0)
10.4 (10.3)

3.0
20015
23.4% (26.7%)

5230
23

110.0
72.1

0.004
0.826

*
One crystal was used to collect each of the dataset. Values in parentheses are for highest-resolution shell.

Structure. Author manuscript; available in PMC 2014 July 02.

Page 26



