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Human lysyl-tRNA synthetase is bound to the multi-tRNA synthe-
tase complex (MSC) that maintains and regulates the aminoacyla-
tion and nuclear functions of LysRS. The p38 scaffold protein binds
LysRS to the MSC and, only with the appropriate cue, mobilizes
LysRS for redirection to the nucleus to interact with the micro-
phthalmia associated transcription factor (MITF). In recent work,
an ðα2Þ2 LysRS tetramer crystallized to yield a high-resolution struc-
ture and raised the question of how LysRS is arranged (dimer or
tetramer) in the MSC to interact with p38. To understand the struc-
tural organization of the LysRS-p38 complex that regulates LysRS
mobilization, we investigated the complex by use of small angle
X-ray scattering and hydrogen-deuterium exchange with mass
spectrometry in solution. The structure revealed a surprising
α2β1∶β1α2 organization in which a dimeric p38 scaffold holds two
LysRS α2 dimers in a parallel configuration. Each of the N-terminal
48 residues of p38 binds one LysRS dimer and, in so doing, brings
two copies of the LysRS dimer into the MSC. The results suggest
that this unique geometry, which reconfigures the LysRS tetramer
from α2∶α2 to α2β1∶β1α2, is designed to control both retention and
mobilization of LysRS from the MSC.
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Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes
that catalyze the attachment of amino acids onto their

cognate tRNAs (1, 2). Higher eukaryotic aaRSs have evolved
noncatalytic domain/sequences that are lacking in their ancestor
forms (3–6). Among these, a number of sequence additions and
three entire proteins (p43, p38, p18) evolved to form a high
molecular mass multi-tRNA synthetase complex (MSC) that is
uniquely present in higher eukaryotes (from fly to human) (7–12).
Comprised of nine aaRSs and the three auxiliary proteins (or
named as AIMP1, AIMP2, AIMP3, respectively), MSC is re-
garded as a reservoir that harbors almost half of the cellular
tRNA synthetases, and that controls their flow between their
canonical functions and those beyond translation (13, 14).

Lysyl-tRNA synthetase (LysRS) is a component of the MSC,
where it specifically interacts with the auxiliary, scaffold protein
p38/AIMP2 (15–18). Mammalian LysRS has other physiological
roles in addition to aminoacylation (19). For example, full-length
LysRS functions as a cytokine that binds to macrophages and
peripheral blood mononuclear cells to activate their migration
and TNF-α production (20). Furthermore, in stimulated mast
cells, LysRS is released from the cytoplasmicMSC, and then trans-
locates to the nucleus, where it forms a complex with the micro-
phthalmia associated transcription factor (MITF) to drive the
expression of genes that regulate the immune response (21, 22).
Amajor question is to understand how p38 regulates the assembly
and release of LysRS from the MSC.

Although an α2 homodimer is the functional unit of LysRS for
aminoacylation, we were able to crystallize an α2α2 tetramer and
obtain a high-resolution structure that revealed details of the
dimer and tetramer interface interactions. We previously specu-
lated that the tetramer interface of LysRS was exploited by the

p38 dimer to give an α2β2 subcomplex in the MSC (23). However,
some published work (24, 25) suggested that extra amounts of
LysRS were incorporated into the MSC compared to other MSC-
bound tRNA synthetases. For these reasons, we wanted to inves-
tigate the stoichiometry and configuration of the LysRS interac-
tion with p38, as the basis for LysRS mobilization from the MSC.
Pursuant to this objective, we first solved the structure of human
LysRS in solution and confirmed the existence of a stable tetra-
mer. In further work, subcomplexes of LysRS with MSC p38 were
reconstituted in vitro, and investigated by small angle X-ray scat-
tering. Two LysRS dimers were shown to bind to the N terminus
of one p38 dimer, in an α2β1∶β1α2 geometrical configuration dis-
tinct from the α2α2 tetramer of LysRS. The model is consistent
with the idea that the faces of dimer-dimer interface seen in the
LysRS tetramer are used for the p38 interaction. The unique geo-
metry of this complex provides the structural context for control-
ling LysRS’s release from the MSC.

Results
Human LysRS Shows a Slow Dimer-Tetramer Interconversion. Human
LysRS is the only human aaRS that crystallized in an oligomeric
state that was different compared to its homologues in lower
species. Gel filtration chromatography showed that a fraction of
LysRS had a molecular weight 4-fold greater than that of the
LysRS monomer in solution (23). In accord with this finding,
our previous 2.2 Å structure revealed a tetrameric form in one
crystallographic asymmetric unit as the minimal unit for crystal
packing (23). Interestingly, the dimer-dimer interfaces of the tet-
ramer (referred to as the “bottom side”) lie on the side opposite
of the surface that binds tRNA (top side). This observation raised
the possibility that the tetramer is fully functional and that this
interface provided binding sites that evolved for interactions with
other proteins, such as the p38 component of the MSC.

The equilibrium between the monomeric, dimeric, and tetra-
meric forms of human LysRS in solution suggested that the tetra-
mer might be difficult to purify in solution. However, we observed
that, for several batches of purified fractions of LysRS, the dimer
and tetramer forms remained stable after long-term storage (at
−80 °C). This stability suggested that the dimer-tetramer equili-
brium might be slow. To assess this equilibrium, the dimer and
tetramer portions of Ni-HiTrap purified human LysRS were first
separated through gel filtration, then incubated at 4 °C from
30 min to up to 2 d before being reloaded on the analytical
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gel filtration column to determine if the dimer and tetramer could
reform spontaneously. As shown in Fig. 1B, over time the dimeric
form appeared and separated from the purified tetramer, indicat-
ing that a conversion from tetramer to dimer occurs. Interest-
ingly, the dimer peak developed slowly, with <3% of new dimers
seen in the first 3 h and less than 10% forming after 27 h. The
reverse equilibrium from dimer to tetramer was also kinetically
slow (Fig. 1 C and D). These slow conversions of the quaternary
forms suggested that conformational changes having significant
activation energies occur during formation and dissociation of
tetramer (26).

The Structure of Tetrameric LysRS in Solution Resembles Its Crystal
Structure.To define alterations that occur during the dimer to tet-
ramer transitions of LysRS, tetrameric human LysRS was flash
frozen immediately after being purified from dimeric LysRS. This
sample was then rapidly thawed for Small Angle X-ray Scattering
(SAXS) analysis, which was collected with X-ray exposures of
0.5–5 s. Based on gel filtration, minimal amount of tetrameric
LysRS reequilibrated to a dimer over this time frame (2 h). As
a control, SAXS data for the isolated dimer was also collected.
The radius of gyration (Rg) increased from 39.8� 0.2 Å (with
maximum diameter of 160 Å) to 46.6� 0.3 Å (maximum dia-
meter of 205 Å) in the transition of the dimer to the tetramer
(Fig. 2A). From the SAXS data, the apparent molecular mass,
approximated by the Porod method, is 220 kDa, close to that
predicted for tetrameric LysRS (60 kDa × 4;240 Da). Ab initio
model building also showed a shape similar to that of the tetra-
meric crystal structure (Fig. 2B). Thus, tetrameric LysRS in solu-
tion has a geometric organization that, with one dimer facing the
other, is similar to that of the crystalline tetrameric structure.

The resolution of SAXS does not allow identification of the
interface of the two LysRS dimers in solution. To do so we used
hydrogen/deuterium exchange coupled with mass spectrometry
(HDX-MS) (27, 28). The idea was that, for comparison of the
deuterium exchange of the tetramer vs. the dimer, only those
positions that were covered up in the tetramer would be less in
exchange from what was observed with the dimer. For this ana-
lysis, the isolated dimer and tetramer LysRS fractions were
subjected to HDX-MS analysis. The deuterium uptake was mon-

itored over time, for each of the peptide fragments generated by
proteolysis after exchange was stopped. A few short fragments in
the tetramer had increased deuterium uptake that might reflect
conformational changes that occur in the transition of the dimer
to the tetramer (Fig. S1). Only four peptide fragments of the tet-
ramer (residues 110-120, 133-148, 351-356, and 357-396) showed
a decrease in deuterium uptake (of 8%–54%, Fig. S1, Fig. 2C).
When mapped onto the crystal structure, the regions 110-120 and
351-396 are located at the bottom side of LysRS (in the N-term-
inal anticodon binding domain and the C-terminal catalytic
domain, respectively), where they superimpose with the tetra-
meric interface found in the crystal structure (Fig. 2D). (Peptide
133-148 is slightly outside of but also close to the tetramer inter-
face.) Thus, both SAXS and HDX-MS analysis are consistent
with human LysRS being present in a tetrameric form in solution,
similar to that seen in the LysRS crystal structure.

In Vitro Construction of the Human LysRS-p38 Complex. In mamma-
lian cells, most LysRS is found within the MSC (22, 29, 30) where
it directly binds to p38 (17, 31). This scaffold protein is essential
for formation of the MSC and, accordingly, knockout of p38 in
mice causes embryonic lethality (18). Indeed, p38 is a core com-
ponent of the MSC where it interacts with LysRS, p43, ArgRS,
AspRS, GlnRS, and p18 (17, 18, 31–34). Mammalian p38 con-

A B

C D

Fig. 1. Slow dimer—tetramer interconversion of human lysyl-tRNA synthe-
tase. (A) Schematic of human LysRS. The canonical fragment LysRS70-584 was
used in this study because its compact structure is critical to the SAXS data
analysis, and because its crystal structure has been solved. It is known that the
N-terminal helix region of LysRS does not interact with p38 (17). (B–D). Se-
quential gel filtration analysis shows the slow conversion of dimeric LysRS
to the tetramer form over 36 h, and vice versa. D is the overlay of B and C.

Fig. 2. The structure of the LysRS tetramer in solution resembles that in the
LysRS crystal structure. (A) Solution scattering data for human LysRS in its iso-
lated dimeric and tetrameric state. Theoretical scattering profile calculated
from the ab initio model with the lowest χ value is shown for the tetramer
(black line). The inset shows Guinier plots (including linear fits) at the low-
angle region (Smax × Rg < 1.3) indicating no aggregation in the samples.
(B) SAXS-based shape reconstruction of the LysRS tetramer in solution.
The crystal structure of tetrameric LysRS was docked into the envelope (gray)
manually. Three orthogonal views are shown. (C) HDX-MS analysis of dimeric
and tetrameric LysRS. HDX time curves for the LysRS tetramer (red) or dimer
(blue) showed less solvent exposure in both the anticodon binding domain
(residues 110-120) and the catalytic domain (residues 351-356). Most of the
LysRS tetramer peptides showed no difference. (D) Surface representation of
HDX data on the LysRS dimer structure. Less solvent-exposed peptides in
LysRS tetramer are colored in yellow, with more solvent exposed peptides
in dark blue. The tetramer interface found in the crystal structure is circled
in red (Only the bottom view is shown).
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tains ∼50 unstructured residues at its N terminus, followed by a
coiled-coil region (50-80), another unstructured region (residue
81-132), and a short helical region (133-146) (Fig. 3A) (17, 33).
The C-terminal half of p38 has a domain with structural homol-
ogy to GST (35, 36), which is also found in mammalian MetRS,
p18, CysRS, and ValRS, as well as in EF1β and EF1γ (35, 37, 38).
All of these GST domains mediate protein-protein interactions
(11, 39, 40). Particularly, several protein-binding sites have been
identified in p38 (Fig. 3A) (17, 18, 32).

To gain insights into how LysRS assembles into the MSC, we
reconstructed the LysRS-p38 subcomplex in vitro. The possibility
of forming stable complex containing only p38 and LysRS has
been previously described (17). First, we attempted to generate
recombinant human p38. However, trials with full-length p38 or
of p38 fused in-frame with GSTorMBP failed to yield soluble and
stable protein, possibly due to p38’s extreme hydrophobicity.
With this consideration in mind, we turned to an alternative ap-
proach to construct the subcomplex. Previous work showed that
the N-terminal 42 residues of p38 can bind to LysRS, and that the
N-terminal 80 residues of p38 have a binding affinity for LysRS
similar to that of full-length p38 (32, 41). We predicted that fusing
the LysRS-binding domain of p38 onto a soluble protein could
generate a soluble and functional form. Because the GST domain
of p38 interacts with itself to form homodimers and, consistently,
because two p38 molecules are present in each MSC (9, 32), to
more closely mimic the native state of p38, a dimeric protein is
the preferred substitute for the GST domain of p38. For these
reasons, we chose Escherichia coli Trbp111 (also named ygjh),
a highly soluble tRNA-binding dimeric protein (42) that has both
of its N termini on the same side of its dimeric structure, as seen
in dimeric GST domain structures (Fig. S2 A and B). Thus, all of
these features help to ensure that a complex of LysRS with the
p38-Trbp111 fusion would mimic that of the LysRS-p38 complex
in the MSC.

Two chimeric constructs were created by fusing the N-terminal
48 or 80 residues of human p38 with E. coli Trbp111, along with a

StrepII affinity tag at C terminus (Fig. 3B). The resulting p3848D
(D represents a dimer fusion) or p3880D fusions were coex-
pressed with human LysRS. Complexes were detected and
purified by use of Ni-HiTrap for His-tagged LysRS followed by
StrepII-tactin beads for the p38 fusion protein. Both p3848D and
p3880D formed stable complexes with human LysRS (Fig. 3C),
whereas coexpressed Trbp111 did not. Thus, the N-terminal 48
and 80 residues of p38 can form a stable and specific complex
with human LysRS with Trbp111 as a platform. Further, because
the N-terminal 48 residues of p38 are sufficient for binding to
LysRS, we established that the LysRS binding site of p38 does
not overlap with that for the previously reported p43/ArgRS
binding site (residues 50-80) (33). This strategy also allowed large
quantities of the stable complex to be purified, with a yield of
∼2 mg pure LysRS-p3848D complex from each liter of bacterial
culture. Finally, analytic gel filtration of the purified LysRS-
p3848D complex showed a single peak, indicating that the de-
signed p3848D fusion protein forms a tight and homogenous
complex with human LysRS (Fig. 3D).

Solution Structure of Human LysRS-p3848D Reveals a α4β2 Complex.
SAXS analysis was performed to visualize the structure of the
LysRS-p3848D complex. The complex remained stable and did
not aggregate during the short intervals of X-ray exposure
(Fig. 4A). Analysis of the SAXS data established the radius of
gyration of the complex as 64.6 Å, which is larger than tetrameric
LysRS (Rg ¼ 46.6 Å, see also Fig. S3). Shape reconstructions
for the LysRS-p3848D complex were then generated, with a con-
straint of 2-fold symmetry imposed on the complex. The final en-
velope showed that the LysRS-p3848D complex has an extended
structure with a diameter of ∼220 Å, a thickness of ∼70 Å, and a
butterfly like shape (Fig. 4B). Surprisingly, based on our crystal
structure of human LysRS, two LysRS dimers fit into the envel-
ope with each dimer at one wing. The remaining space, which is
located at the center of the bottom of the envelope, could only fit
one Trbp111 dimer. This model thus placed LysRS and Trbp111,

Fig. 3. In vitro construction of the LysRS-p38 complex. (A) The domain
organization of human MSC p38 and its binding partners. (B) p38 fusion
constructs with a dimer platform. (C) SDS-PAGE analysis of the purified
LysRS-p3848D and LysRS-p3880D complex after Ni-HiTrap and StrepII-tactin
tandem-purification. A Ni-HiTrap purified sample of LysRS-Trbp111 is shown
as a control. (D) Gel filtration analysis of purified LysRS-p3848D complex and
LysRS alone. In the inset, each fraction of the LysRS-p3848D peak was loaded
and stained to visualize the components.

Fig. 4. SAXS-based shape reconstruction of LysRS-p3848D complex. (A) Solu-
tion scattering data for human LysRS-p3848D complex with a Guinier plot in-
sert. Theoretical scattering profile calculated from the ab initio model with
the lowest χ value is shown (black line). (B) The overall envelope (gray) from
shape reconstructions was averaged from 20 independent models. Crystal
structures of the LysRS dimer and Trbp111 dimer were docked into the en-
velope manually. (C) Molecular mass statistics from gel filtration and SAXS
data analysis. Molecular mass by Porod was estimated by mw ¼ Vp∕2, where
Vp is the excluded volume (Porod volume) calculated from the SAXS data by
use of PRIMUS (56).
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and showed that LysRS-p3848D forms an α4β2 complex. The
bottom side of the LysRS dimer, which is the protein-protein
interface in both the crystal and solution structures, is positioned
to interact with the N-terminal segment of p38.

We also calculated the molecular weight of the complex by
two independent methods. An analytic gel filtration profile cali-
brated with standard proteins showed a molecular mass of
250 kDa for the complex. Further, Porod analysis of the SAXS
data showed a similar molecular mass (232 kDa). Both molecular
masses are close to the predicted molecular mass of an α4β2
(4∶2) complex (272 kDa), and are far from that of a α2β2 (2∶2)
complex (of 152 kDa). Thus, our results support that an α4β2
complex is formed between LysRS and p3848D (Fig. 4C). Impor-
tantly, this architecture can form only if each of the N-terminal
48 residues of p38 binds to one LysRS dimer (Fig. 4B).

Monomeric p38 Associates with LysRS as a Half (α2β1) Complex. To
further test the above conclusion that a single p38 N-terminal
fragment binds to one LysRS dimer, we created monomeric p38
fusion proteins that can no longer dimerize. According to our
model, such a separation of p38 molecules should generate a
complex with LysRS that is half the size of the LysRS-p3848D
complex (Fig. 5A).

Two chimeric constructs were created by fusing the N-terminal
48 (or 80) residues of p38 to the E. coli TrxA (Thioredoxin) gene.
Distinct from dimeric Trbp111, TrxA is present as a pure mono-
mer in solution (Fig. S2). Tandem affinity purification for p3848M
(M represents a monomer) or p3880M coexpressed with LysRS

established that human LysRS formed a stable complex with both
p3848M and p3880M, and that TrxA alone did not interact with
LysRS (Fig. 5B). Large quantities of LysRS-p3848M were then
purified and subjected to analytical gel filtration. A single homo-
geneous peak of the LysRS-p3848M complex eluted at a molecu-
lar mass of ∼130 kDa (Fig. 5C)—a size that is only slightly larger
than that of the LysRS dimer (∼115 kDa on gel filtration), and
about half the size of the LysRS-p3848D complex (at ∼250 kDa).
SAXS analysis for the LysRS-p3848M complex also showed it has
an estimated molecular mass of 121 kDa, and that it contains only
one LysRS dimer (α2) and one p3848M fusion (β1) (Fig. 5D,
Fig. S4). Thus, the LysRS dimer binds to one N-terminal segment
of p38.

In this and earlier works (17, 32, 41), LysRS interacted with the
N-terminal 80 residues of p38 (1-48 residues in particular) and
did not interact with the C terminus of p38 (84-320). In addition,
the SAXS envelopes of the LysRS-p38 complexes showed that
the N terminus of p38 binds to the dimeric form of LysRS, inde-
pendent of the rest of the sequences at the C terminus (M or D
fusion). Because the same bottom side of the LysRS dimer is used
to form the interface for the LysRS tetramer and for binding to
p38, the LysRS-p38 complex and the LysRS tetramer are mu-
tually exclusive. For these reasons, the C-terminal (80-149) region
of p38 will not change the relative positions of the LysRS dimers
to allow the binding of tetrameric LysRS.

To further understand the biological relevance of the various
complexes we investigated, aminoacylation assays were carried
out, and the results were compared with a normalization to the
amount of LysRS dimer in each complex. When the tetrameric
LysRS was immediately assayed after its isolation from gel filtra-
tion, the catalytic activity (apparent kcat∕Km) for aminoacylation
per dimer unit was decreased by 4-fold relative to the LysRS
dimer (Fig. 5E). The catalytic activity per dimer unit of the
LysRS-p3848M complex (which contains one LysRS dimer)
was increased by 2.3-fold and that of the LysRS-p3848D complex
(which contains two LysRS dimers) was increased by 2.4-fold
(Fig. 5E, Fig. S5). (In terms of apparent free energies, all of
these activity differences are minimal, and amount to less than
1 kcalmol−1.) These results show that, consistent with them being
well folded and organized structures, the p38-fusion/LysRS com-
plexes have robust biological activities. The activity of tetrameric
LysRS is also consistent with the possibility of a biological func-
tion for the tetrameric form outside of the MSC.

Discussion
The LysRS-p3848D structure provides a model for a subcomplex
of the mammalian MSC. An unexpected aspect of this structure is
the one-to-one binding of the symmetric LysRS dimer to the N-
terminal segment of p38. The architecture of this α2β1∶β1α2 com-
plex is such that two juxtaposed LysRS dimers are held together
by the two N-terminal segments of dimerized p38. This architec-
ture is consistent with two LysRS dimers (i.e., four molecules of
LysRS) binding to each MSC (Fig. 6) (24, 25). These findings
further define the composition of MSC, in which most compo-
nents were proposed to have a stoichiometry of one per MSC
(31, 43–45). Close inspection of the published work on previously
purified MSCs, from various species, further indicates that, in
many preparations, LysRS has twice the density expected for two
LysRSmolecules per MSC (24, 31, 46, 47). Thus, the organization
of the in vitro reconstructed complex reported here may reflect
the native architectural arrangement of p38 and LysRS in the
mammalian MSC.

Why extra copies of LysRS might have been selected for incor-
poration into the MSC is not clear. Systematic depletion of each
component of the MSC by RNA interference has been reported
in Hela cells (48). This work showed that the binding of LysRS to
the MSC is independent of other tRNA synthetase components.
In contrast, the incorporation of other components, and the for-

Fig. 5. A half LysRS-p38 complex is formed bymonomeric p38. (A) Constructs
of monomeric p38 fusions by use of a monomer platform, and a schematic
diagram of the LysRS-p3848M complex. (B) SDS-PAGE analysis shows p3848M
and p3880M form stable complexes with human LysRS. (C) Gel filtration ana-
lysis shows a half (2∶1) complex of LysRS-p3848M compared to LysRS-p3848D
(4∶2). (D) The overall envelope (yellow) from shape reconstructions was
averaged from 20 independent models. Crystal structures of the LysRS dimer
and TrxA monomer were docked into the envelope manually. The weak den-
sity of TrxA suggests that it is flexible in solution. (E) Relative Lys-tRNALys ami-
noacylation activity of the LysRS-p38 complexes and of the LysRS dimer and
tetramer forms. Each enzyme assembly (5 and 10 nM) and human tRNALys3

(8 μM) were used in reactions containing 100 μM [3H]-Lys, 2 mM ATP and
10 mM MgCl2 at 37 °C. Data are shown as mean� SD (N ¼ 3) and represent
the activity per unit of dimer.
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mation of the entire complex, mostly depends on LysRS. The cri-
tical role of LysRS for the assembly and stability of the MSC un-
derscores the importance of maintaining a basal level of LysRS
within the MSC, even when it is specifically released in response
to external or internal stimulations. Indeed, some variance in the
stoichiometry of binding of LysRS to the MSC has been reported
(43, 45, 49).

Although the α2β1∶β1α2 geometry of the LysRS-p38 interac-
tion allows for the incorporation of four molecules of LysRS into
the MSC, the four molecules of LysRS do not form a homotetra-
mer. Instead, p38 holds two independent functional α2 dimers of
LysRS. This design is likely to be critical for mobilizing LysRS
from the MSC. The question of the form of LysRS that gets re-
leased from theMSC remains open. Whether the released form is
α2β1, as seen in our LysRS-p3848M complex, or is the α2 homo-
dimer, would depend on the relative affinity between LysRS and
p38, on one hand, and the p38-p38 dimer interaction mediated by
the GST domains, on the other. Phosphorylation of LysRS is in-
volved in the release of LysRS from the MSC in immunologically
activated mast cells (22). Because a phosphorylated LysRS would
more likely affect the LysRS-p38 interaction than the p38-p38
dimer interaction, an α2 LysRS would be the released form.
The remaining α2β1∶β1 complex may promote assembly of other
components into the MSC or rearrange into a different α2β2 con-
figuration, similar to what we have previously envisioned (23).

Finally, because of the slow conversion determined here of the
dimeric to the tetrameric form, we speculate that the unique func-
tions of a mobilized LysRS most likely are carried out in the α2
dimeric form.

Methods
Expression Constructs. Human LysRS (70-584, Fig. 1A) was constructed with a
C-terminal His6x-tag in the pET20b vector (23), and into pET28a for coexpres-
sion experiments. The gene encoding human p38 was synthesized by codon
optimization and cloned in vector pET20b or pBAD (Invitrogen).

Protein and Complex Preparation. All proteins were expressed in the bacterial
strain BL21(DE3) by use of the vector pET20b (Novagen). Human LysRS70-584
was with a Ni-HiTrap affinity column (GE Healthcare). E. coli Trbp111 and TrxA
were purified by StrepII-tactin beads (IBA). Complexes were coexpressed and
purified by the use of a Ni-HiTrap column and a StrepII-tactin column. Sam-
ples were assessed by SDS-PAGE gel and visualized with Coomassie blue stain.

Gel Filtration Chromatography. Proteins were loaded to a Superdex 200 col-
umn (GE healthcare) in a buffer (20 mM Hepes-NaOH pH 7.5, 150 mM NaCl,
5% glycerol) as for SAXS analyses.

Small Angle X-Ray Scattering Data Collection and Analysis. All SAXS data were
collected at the SIBYLS beamline (50, 51). SAXS data were collected for three
serial dilutions of each sample at maximum of 6.0 and minimum 0.5 mg∕mL.
Data were collected from two short exposures (0.5 s) and one long exposure
(5 s) for each protein sample at room temperature (18–21 °C).

Hydrogen/Deuterium Exchange (HDX) Fourier Transform Ion Cyclotron Reso-
nance (FT-ICR) Mass Spectrometry. HDX samples (20 μM) was mixed with
45 μL of 20 mM Hepes, pH 7.5, 150 mM NaCl in D2O to initiate each HDX
reaction, followed by simultaneous quench and proteolysis (52). Microelec-
trosprayed HDX samples were directed to a custom-built hybrid linear trap
quadrupole 14.5-Tesla FT-ICR mass spectrometer (ThermoFisher) (53). The
total data acquisition period for each sample was 6 min. Data were analyzed
by an in-house analysis package (54). Time-course deuterium incorporation
levels were generated by an MEM fitting method (55).
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