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The evolutionarily conserved Elongator complex, which is composed
of six subunits elongator protein 1 (Elp1 to -6), plays vital roles in
gene regulation. The molecular hallmark of familial dysautonomia
(FD) is the splicing mutation of Elp1 [also known as IkB kinase
complex-associated protein (IKAP)] in the nervous system that is
believed to be the primary cause of the devastating symptoms of
this disease. Here, we demonstrate that disease-related mutations
in Elp1 affect Elongator assembly, and we have determined the
structure of the C-terminal portion of human Elp1 (Elp1-CT), which
is sufficient for full-length Elp1 dimerization, as well as the structure
of the cognate dimerization domain of yeast Elp1 (yElp1-DD). Our
study reveals that the formation of the Elp1 dimer contributes to its
stability in vitro and in vivo and is required for the assembly of both
the human and yeast Elongator complexes. Functional studies sug-
gest that Elp1 dimerization is essential for yeast viability. Collec-
tively, our results identify the evolutionarily conserved dimerization
domain of Elp1 and suggest that the pathological mechanisms un-
derlying the onset and progression of Elp1 mutation-related disease
may result from impaired Elongator activities.

familial dysautonomia | Elongator complex | Elp1 subunit | dimerization |
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amilial dysautonomia (FD) (Online Mendelian Inheritance in
Man: 223900), which is an Ashkenazi Jewish disorder with an
incidence of 1:3,700 live births, is an autosomal recessive disorder
that affects the development and survival of sensory, sympathetic,
and some parasympathetic neurons (1). FD patients are charac-
terized by cardiovascular instability, gastrointestinal dysfunction,
vomiting crises, decreased sensitivity to pain and temperature, and
recurrent pneumonias (2). The most common mutation, which
represents >99.5% of all FD patients, is a T-to-C transition in po-
sition six of the donor splice site of intron 20 in the gene transcript
of the IxB kinase (IKK) complex-associated protein (IKAP), also
known as elongator protein 1 (Elp1) (3, 4). This splicing mutation
causes skipping of exon 20 and results in encoding a truncated
IKAP/Elpl protein (referred to as Elpl-FD hereafter) (Fig. 14).
IKAP/Elp1 was originally identified as a scaffold protein and a
regulator for IKKs involved in proinflammatory cytokine signaling
(5). However, contrary to this observation, subsequent analyses
failed to demonstrate an association with IKKs (6). Coincident
and subsequent studies supported the notion that IKAP/Elp1 is a
component of the highly conserved Elongator complex from dif-
ferent species (7-9) (for simplicity, the term Elp1 will be used in
the following discussion). The holo-Elongator complex contains six
subunits (Elpl to -6) and assembles into a core subcomplex (Elpl
to -3) and an accessory subcomplex (Elp4 to -6), which is involved
in substrate recognition (10, 11). Moreover, the holo-Elongator is a
functional unit, as illustrated in yeast, in which strains lacking any
of the six Elp proteins exhibit similar phenotypes (7, 12, 13), and in
that the removal of any Elongator subunits affects the interactions
of the other subunits (14). Within the Elongator complex, Elp3
is the catalytic subunit and acetylates histones in vitro (8) and
in vivo (15, 16). These findings and studies [which demonstrate the
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association of the Elongator complex with the RNA polymerase 11
(RNAPII) holoenzyme, its ability to bind to nascent pre-mRNA,
and the facilitation of RNAPII transcripts through chromatin in an
acetyl-CoA—dependent manner]| support its role in transcriptional
regulation (7, 9, 17). In addition to its participation in transcrip-
tional regulation, the Elongator complex may also play a pivotal role
in the regulation of translation through its direct effect on tRNA
modification, from archaeal organisms to mammals (18-22).

Coincident with the dual roles of Elongator in transcriptional and
translational regulation, it has been shown that several genes in-
volved in cell migration and a few meiotic genes during spermato-
genesis were down-regulated in FD-derived fibroblasts (23) and in
mouse upon Elp1 depletion (22), respectively, and that several genes
involved in oligodendrocyte development and myelin formation were
down-regulated both in the cerebrum of FD patients (24) and in an
FD mouse model (25). Recently, Frances Lefcort and coworkers
discovered that Elpl is essential for the genesis of tropomyosin-
related kinase A nociceptors and thermoreceptors in mice (26).
This role is consistent with the pain and temperature insensitivity
phenotype of FD patients. Despite the paramount roles of Elp1 in
controlling gene regulation, the precise mechanisms by which Elp1
functions in Elongator assembly or in the regulation of Elongator
activities are poorly understood.

Here, we find that disease-related mutations in Elp1 affect
Elongator assembly and have determined the atomic structures of
both the C-terminal portion of human Elpl (Elp1-CT) and the
dimerization domain of Elpl from yeast (yElpl-DD). Our results
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Fig. 1. Disease-related mutations in Elp1 affect its interaction with Elp2 and
Elp3. (A) Schematic representation of full-length human Elp1 (residues 1-1332),
disease-related Elp1-FD (residues 1-714), Elp1-CT (residues 715-1332), the di-
merization domain of yeast Elp1 (residues 919-1349, yElp1-DD), and the yElp1
mutant. Four disease-related missense mutations in familial dysautonomia and
bronchial asthma are shown in the sequence of full-length human Elp1. The
dimerization domain of human Elp1 consists of residues 885-1332. The yElp1-3
(R-A) mutant was generated by substitution of residues R1063, R1282, and
R1286 with alanine. (B—E) Coimmunoprecipitation (co-IP) experiments. The in-
teractions between (B) Elp2 or (C) Elp3 and two Elp1 fragments and between
(D) Elp2 or (E) Elp3 and Elp1 containing various disease-related mutations were
evaluated using a co-IP strategy. Extracts were prepared from the transfec-
tion of HEK293T cells. Error bars indicate the standard error of the mean (SEM)
(n = 3, separate experiments). *P < 0.05, ***P < 0.001.

clearly reveal that the obligate dimer of Elpl is important for both
human and yeast Elongator assembly and elucidate the mecha-
nisms responsible for human diseases caused by Elpl mutations.

Results

The Mutated Elp1 Affects the Integrity of Elongator in Several Human
Diseases. The major (>99.5%) FD-causing mutation has been
identified in individuals of Ashkenazi Jewish descent (3, 4). This
mutation alters the ElpI transcript splicing process and results in the
production of a truncated form of Elp1 (residues 1-714, Elp1-FD)
(Fig. 14). This observation, together with the notion that Elp1 is a
scaffold protein that is essential for the assembly of a functional
Elongator (14), indicates that the disease-related Elpl-FD may
lose its ability to bind the elongator protein 2 (Elp2) and elongator
protein 3 (Elp3) subunits. To evaluate this hypothesis, we used a
coprecipitation strategy in HEK293T cells. Notably, WT human
GFP-Elpl specifically coprecipitated with Myc-Elp2 (lane 1 in
Fig. 1B) and Myc-Elp3 (lane 1 in Fig. 1C) whereas the disease-
related GFP-Elp1-FD coprecipitated negligible amounts of both
Myc-Elp2 and Myc-Elp3 (lane 2 in Fig. 1 B and C, respectively).
This result may correlate with the observation that expression of
Elp1-FD results in a nonfunctional protein in mouse leading to
developmental delay and cardiovascular and brain malformations
accompanied with early embryonic lethality (27). Interestingly, the
C-terminal portion of Elp1 (residues 715-1332, Elp1-CT) (Fig. 14)
also lost the ability to bind both Myc-Elp2 and Myc-Elp3 (lane 3 in
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Fig. 1 B and C, respectively). These results indicate that full-length
Elpl is necessary for the assembly of the core Elpl-3 sub-
complex, which is disrupted in FD patients and thus results in the
loss of Elongator transcriptional and translational regulation of
gene expression.

In addition to the major FD-causing mutation in Elp1, a second
minor missense (R696P) mutation has been identified in the Ash-
kenazi Jewish population (3, 4), and a second missense (P914L)
mutation has been identified in patients of non-Jewish descent (28)
(Fig. 14). Additionally, it has been reported that two amino acid
substitutions (C1072S and P1158L) in Elp1 significantly increase the
risk for early-onset bronchial asthma (BA), which is one of the most
common inflammatory diseases worldwide (29) (Fig. 14). Next, we
evaluated the binding affinities between GFP-Elpl1 containing these
disease-related point mutations and Myc-Elp2 or Myc-Elp3. In-
terestingly, among these mutations in Elp1, the R696P mutant binds
to Elp2 (lane 1 compared with lane 5 in Fig. 1D) and Elp3 (lane 1
compared with lane 5 in Fig. 1E) with similar and ~70% decreased
affinities, respectively. Mutations of P914, C1072, and P1158 result
in ~23-33% decreased affinities for Elp2 (lanes 24 compared with
lane 5 in Fig. 1D) whereas mutations of these residues do not affect
the binding to Elp3 (lanes 24 compared lane 5 in Fig. 1E). Nev-
ertheless, these results clearly indicate that the disease-related point
mutations in Elpl affect the integrity of Elongator, which may be
partially associated with mechanisms responsible for FD or BA.

Overall Structure of the C-Terminal Portion of Human Elp1. The
C-terminal portion of Elp1 (residues 715-1332, Elp1-CT), which is
absent from Elp1-FD in FD and which contains most of the amino
acid substitutions in FD or BA, is important for Elongator as-
sembly (Fig. 1). To elucidate the molecular mechanism governing
Elpl-mediated Elongator assembly, we determined the crystal struc-
ture of the human Elpl-CT using single anomalous dispersion at a
resolution of 3.0 A (Table S1). The crystal belongs to the space
group P6,22 and contains one Elp1-CT molecule per asymmetric
unit. The overall structure of Elp1-CT is composed of 28 a-helices,
forming a “C”-shaped architecture (Fig. 24). The waist of the C
contains six double-helix repeats (x15-26) that exhibit structural
similarity to tetratrico-peptide repeats (TPRs) (Fig. S14) and is
referred to as the TPR-like domain (Fig. 24). Helices a27 and 28
form a three-helix bundle with the elongated a26, which together
cap the C-terminal TPR-like domain. The extreme C terminus of
Elp1-CT exhibits extensive hydrophobic interactions with o27/28
via residues W1326, L1328, L1330, and L1331 (Fig. 2 4, Al).
N-terminal to the TPR-like domain, helices ol to -14 form an
elongated a-solenoid domain whose axis is nearly perpendicular to
the TPR-like domain. «l4 functions as a kink to maintain the
TPR-like domain and a-solenoid domain at nearly a 90° angle. On
one hand, al4 caps the TPR-like domain with the hydrophobic
residue F934, which packs against a hydrophobic surface formed
by A946, 1.950, and 1964 of a15/16 (Fig. 2 A, A2). On the other
hand, a14 uses 1936 and L.940 to stack against the hydrophobic
surface formed by 1895, Y898, and F900 of «11/12. These residues
at the interface between al4 and the TPR-like or a-solenoid do-
main are highly conserved from yeast to humans (Fig. S2), which
together contribute to the formation of the C-shaped scaffold of
Elp1-CT. Using the Dali server, we did not identify a structure in
the Protein Data Bank that shares a similar fold as Elp1-CT. Thus,
these structural analyses indicated that Elpl-CT may assemble
into a novel and evolutionarily conserved C-shaped structure.

Elp1-CT Is a Homodimer in Solution and Forms a Horseshoe-Shaped
Structure. To evaluate its conformation in solution, Elp1-CT was
purified to homogeneity (Fig. S34) and analyzed using analytical
ultracentrifugation. Sedimentation velocity (SV) analysis indicated
that Elp1-CT forms a stable homodimer (black line in Fig. 2B).
Sedimentation equilibrium (SE) analysis further confirmed that
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Fig. 2. The horseshoe-shaped structure of the Elp1-CT homodimer, which is
required for full-length Elp1 self-association. (A) Ribbon representation of the
overall structure of Elp1-CT. The a-solenoid domain (yellow), TPR-like domain
(blue), and three-helix bundle (red) are shown. (A7) The C-tail packs against a
hydrophobic surface, with negatively charged, positively charged, and hydro-
phobic residues colored red, blue, and yellow, respectively. (A2) a14 partici-
pates in hydrophobic interactions with «11/12 and «15/16. The missing loops
(residues 801-810, 912-914, 1132-1224, and 1270-1320) are shown as dashed
lines. The a-helices in the dimerization domain of Elp1-CT are labeled in green.
The N and C termini of the protein are labeled. (B) The c(S) distribution from
SV analysis of Elp1-CT (black line) and Elp1-CT(R1101A) (red line). (C) Schematic
representation of the homodimer of Elp1-CT. The two molecules are colored
blue and green. (D) Stereoviews of the interactions of the Elp1-CT homodimer.
One of two identical interfaces is formed (D7) between «19 of the blue
monomer and «27 of the green monomer and (D2) between o21 of the blue
monomer and a25 of the green monomer. (E) The full-length Elp1 self-associates
in vivo via Elp1-CT dimerization. Extracts were prepared from the transfection of
HEK293T cells.

Elp1-CT assembles into a homodimer with a molecular mass of
~137.97 kDa (Fig. S4 A-C).

With a crystallographic twofold axis, the overall shape of the
Elp1-CT homodimer resembles a horseshoe-shaped structure
(Fig. 2C). The helices a19 and a21 of one molecule participate in
several polar and hydrophobic interactions with o27 and a25 of
the second molecule, respectively (Fig. 2D). In detail, E1003 and
R1011 of «19 form salt bridges with K1241 and E1247/D1249 of
a27, respectively (Fig. 2 D, DI). E1003 and R1011 also form hy-
drogen bonds with the side chain of Y1237 and main chain of
F1244, respectively. a27 also participates in hydrophobic inter-
actions with «19 via the side chains of 11007, R1011, and F1244.
o21 and a25 primarily interact via hydrogen bonds contributed by
residues N1027, Q1030, Q1037, E1090, and Y1097. More detailed
interactions are shown in Fig. 2 D, D2. Next, we directly evaluated
the role of the interactions between the monomers in the homo-
dimer. To this end, the residue R1011, which is conserved from fly
to human (Fig. S2), was mutated to alanine in Elp1-CT [referred to
as Elpl-CT(R1011A)]. Consistent with the structure-based pre-
diction, mutation of R1011 to alanine disrupted Elpl-CT dimer
assembly. The purified Elp1-CT(R1011A) exists as a monomer in
solution with a molecular mass of ~65.8 kDa according to SV
analysis (Fig. S34 and red line in Fig. 2B). Circular dichroism con-
firmed a similar overall secondary structure for WT and mutant
Elp1-CT, which indicated that the conformational changes were not
due to protein folding (Fig. S3B). Collectively, we conclude that
Elp1-CT, which is absent from Elp1-FD in FD patients, forms a
horseshoe-shaped dimer structure in solution.

Xu et al.

The Dimerization Domain in Elp1-CT Is Sufficient for Full-Length Elp1
Self-Association in Vive. To investigate Elpl-CT-mediated self-
association of the full-length Elp1 in vivo, we used a coprecipitation
strategy using two different tags on Elpl and evaluated their in-
teraction in the context of either the WT Elp1 or the mutant Elpl
(R1011A). As expected, WT GFP-Elpl specifically coprecipitated
with Myc-Elpl (lane 1 in Fig. 2F) whereas the mutant GFP-Elpl
(R1011A) did not form a complex with the mutant Myc-Elpl
(R1011A) (lane 2 in Fig. 2E). Interestingly, negligible amounts of
the mutant Myc-Elp1(R1011A) coprecipitated with WT GFP-Elpl,
indicating that Elpl may assemble into a very stable dimer in vivo
and correlated with the buried surface area of 1,732 A? for Elp1-CT
dimer calculated using PISA (30). Importantly, in another copre-
cipitation assay, GFP-Elp1-CT coprecipitated a similar amount of
Myc-Elp1 as full-length GFP-Elp1 (lane 2 compared with lane 3 in
Fig. S4D) whereas GFP-Elp1-FD did not form a complex with Myc-
Elpl (lane 1 in Fig. S4D), indicating that Elp1-CT contains a di-
merization domain that is sufficient for Elp1 self-association. More-
over, we further mapped the dimerization domain of Elp1 to residues
885-1332 (Fig. S4E and Fig. 14). Collectively, our results indicate
that the dimerization domain is sufficient for full-length Elpl self-
association in vivo.

Attempts to purify the recombinant full-length human Elpl were
unsuccessful; therefore, it was not possible to evaluate whether Elpl
assembles into a homodimer in vitro. Nevertheless, the yeast ortholog
of Elpl assembles into a homodimer via its cognate dimerization
domain; therefore, it can be assumed that human Elp1 is able to form
a homodimer to create a platform to dock various factors during
complex formation (e.g., Elongator complex assembly) (discussed
in detail in Elpl Self-Association Contributes to its Stability and
Is Important for Elongator Assembly and yEIp1 Dimerization Is
Important for Yeast Elongator Assembly and Yeast Cell Viability).

Overall Structure of the Dimerization Domain of Yeast Elp1. Cross-
species complementation studies (21, 31) indicate that the structural
features of each Elongator subunit are highly conserved among all
eukaryotes. To evaluate this speculation, we investigated the struc-
tural features of Elpl from Saccharomyces cerevisiae because
Elongator was initially identified in this species (7). Accordingly, we
purified yeast Elpl (referred to as yElpl, using a similar nomen-
clature for each yeast Elongator subunit hereafter) to homogeneity
(Inset in Fig. 34). The SV analysis indicated that yElp1 assembles
into a homodimer with a molecular mass of ~316 kDa (black line
in Fig. 34). To understand the molecular mechanism of yElp1 di-
merization, we attempted to determine the crystal structure of yElp1;
however, these experiments were unsuccessful. According to sec-
ondary structure prediction and sequence alignment with the di-
merization domain of human Elpl, we identified the cognate
dimerization domain of yElp1 (referred to as yElp1-DD hereafter)
as residues 919-1349 (Fig. 14 and Fig. S2) and subsequently
successfully obtained crystals of yElp1-DD.

The crystal structure of yElpl-DD was determined at a reso-
lution of 2.7 A, with four molecules in the asymmetric unit
(Table S1). These four molecules adopt an identical conforma-
tion, with a core root-mean-square deviation (rmsd) of 0.54-0.75 A,
and form two head-to-head dimers (rmsd value of 0.88 A) in the
crystal (Fig. S1B). Superimposition of the structures of the
yEIp1-DD and Elp1-CT homodimers resulted in an rmsd of 2.6 A
for 518 equivalent Ca atoms (Fig. S1C), indicating that human
and yeast Elpl share a similar dimeric structure. Notably, the
sequence identity is low between the yeast and human Elp1 di-
merization domains (Fig. S2); thus, the residues at each dimer
interface are divergent (Figs. 2D and 3C). There are two primary
packing surfaces in the dimer interface of yElp1-DD, with a total
buried surface area of 2,045 A2 First, «7’-11" of one molecule
interacts with «16’-18’ via several polar and hydrophobic inter-
actions (Fig. 3 C, CI). In particular, R1015, E1046, and R1063 of
one molecule form salt bridges with E1287, R1282, and E1278 of
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Fig. 3. Structure of the yeast Elp1 dimerization domain (yElp1-DD). (A) The c(5)
distribution from SV analysis of yEIp1-WT (black line) and the mutant yElp1-3(R-A)
(red line). (Inset) The 15% SDS/PAGE analysis of the purified proteins. (B) Sche-
matic representation of the homodimer of the dimerization domain of yeast
Elp1 (residues 919-1349, yEIp1-DD). The two monomers are colored magenta
and gold. The N and C termini of each monomer are labeled. (C) Stereoviews
of the interactions of the yElp1-DD homodimer. One of two identical in-
terfaces is formed (C7) between helices (a7’-11) of the magenta monomer
and helices («16'-18’) of the gold monomer and (C2) between residues of
the extreme C terminus of the magenta monomer and helices («7'-9') of the
gold monomer.

the other molecule, respectively. Residues Q1021/N1022/R1065/
Q1073 and R1286/L.1128/11131/D1036 form hydrogen bonds and
participate in hydrophobic interactions at the dimer interface
between the two molecules. The second packing surface is the
interface between helices «7’-9” and the extreme C-tail of the two
molecules (Fig. 3 C, C2). The C-tail primarily uses the hydro-
phobic residues 11346 and F1349 to pack against the hydro-
phobic surface (formed by L1011, A1012, Y1025, L1032, M1037,
and A1044) of o7-9’.

Next, we investigated the yElpl-DD-mediated dimerization of
full-length yElp1 in solution by mutating residues within the in-
terface of the yElp1-DD homodimer. To this end, a mutant was
designed to disrupt the yElp1-DD homodimer by substituting
residues R1063, R1282, and R1286 with alanines [referred to as
yEIp1-3(R-A) hereafter] (Fig. 14). The mutant yElp1-3(R-A) was
purified to homogeneity (Inset in Fig. 34) and analyzed by SV
analysis. Consistent with the structure-based prediction, the purified
yEIp1-3(R-A) exists as a monomer in solution with a molecule mass
of ~160 kDa according to SV analysis (red line in Fig. 34). Col-
lectively, these structural and biochemical results indicate that yElp1
assembles into a homodimer via yElpl-DD-mediated dimerization,
thereby providing a rationale for a previous finding that a tagged
yElpl (yElp1-CBP) was able to coprecipitate a second yElpl car-
rying a different tag (yElp1-ProtA) and further updating a proposed
model of Elongator assembly (11).

Elp1 Self-Association Contributes to Its Stability and Is Important for
Elongator Assembly. Elp1 is considered to primarily function not
only as a scaffold required for the formation of Elongator, and
therefore confers stability to the overall complex (14), but also as a
docking site for various factors that regulate Elongator activity
(summarized in ref. 32). These findings, as well as our results
demonstrating the conserved dimeric assembly of both human and
yeast Elp1 and the notion that Elp1 is mutated in several diseases,
indicate that the dimerization domain-mediated Elp1 self-associ-
ation may be important for Elongator function. To evaluate this
hypothesis, we used several approaches. First, we demonstrated
that the Elp1-CT homodimer is much more stable than the mutant
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Elp1-CT(R1011A) monomer (Fig. S54). Next, we evaluated the
stability of full-length Elpl in HeLa cells. Accordingly, the en-
dogenous Elp1 protein was knocked down by shRNA (Fig. S5B).
Subsequently, either the exogenous shRNA-resistant GFP-Elp1 or
GFP-Elp1(R1011A) (which is incapable of self-association) fusion
protein was overexpressed in Elpl-depleted HeLa cells. Notably,
although the mRNA level of the exogenous mutant Elp1(R1011A)
was similar to that of the WT Elp1 (Fig. S5C), the protein level of
the mutant Elpl(R1011A) decreased to ~30% of that of WT
Elpl (Figs. S5 D and E). To further evaluate the role of Elpl di-
merization on its stability, we used a cycloheximide (CHX) chase
assay. We blocked de novo protein synthesis with CHX in Elpl-
depleted HeLa cells overexpressing shRNA-resistant GFP-Elp1 or
GFP-Elp1(R1011A) and analyzed the protein levels by immuno-
blotting. As determined by the CHX chase assay, the half-life of WT
Elpl was longer than that of the Elp1(R1011A) mutant (Figs. S5 F
and G). Together, these results indicate that Elp1 self-association
may contribute to its stability in vivo.

Elp1 has been shown to bind strongly to Elp2 and Elp3; this
Elp1-3 subcomplex is stable in high salt concentrations (12). We
used a coprecipitation strategy to evaluate the role of Elp1 self-
association in the assembly the Elp1-3 subcomplex. As expected,
GFP-Elpl specifically coprecipitated with Myc-Elp2 and Myc-
Elp3 to form a tripartite Elp1-3 subcomplex (lane 1 in Fig. 44).
Notably, significantly decreased amounts of both Myc-Elp2 and
Myc-Elp3 coprecipitated with the mutant GFP-Elp1(R1011A),
indicating that the Elp1-3 subcomplex is less stable in the context
of the Elp1 self-association—deficient mutant. Next, we showed
that Elpl self-association is required for the binding between
the core Elp1-3 complex and the accessory Elp4-6 subcomplexes
(Fig. 4B) or for assembling the holo-Elongator complex (Fig.
S6A) via similar coimmunoprecipitation strategies. Collectively,
these results indicate that Elpl self-association not only con-
tributes to its stability but also is essential for conferring stability
to the human holo-Elongator complex.

yElp1 Dimerization Is Important for Yeast Elongator Assembly and
Yeast Cell Viability. The above results indicate that Elpl self-
association contributes to its stability and that Elongator formation
is dependent on full-length Elp1 as well as the composite surface
of the Elpl dimer. We next investigated whether dimerization-
mediated yElp1 self-association contributes to its stability and is
essential for the formation of yeast Elongator. Accordingly, we
showed that disruption of self-association decreased the stabil-
ity of yEIp1 using a trypsin digestion assay (Fig. SSH). We next
tested yeast Elongator assembly in the context of either WT
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GFP + GFP-Elp2 + +
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Fig. 4. Elp1 self-association is important for holo-Elongator assembly. Co-IP
experiments of (A) the core subcomplex formation by Elp1 and (B) the
binding between the core Elp1-3 and the accessory Elp4-6 subcomplexes.
Extracts were prepared from the transfection of HEK293T cells.
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Fig. 5. Yeast Elp1 (yElp1) self-association is essential for the integrity of a
functional yeast Elongator. (A) Co-IP experiments for yeast holo-Elongator
complex formation by yElp1 self-association. Extracts were prepared from the
transfection of HEK293T cells. The nonspecific faint band is marked with a star
in the Upper panel. (B) Co-IP experiments of the interaction between yElp1 WT
or its mutant and yElp2. Extracts were prepared from yeast cells after ho-
mologous recombination as indicated in S/ Materials and Methods. The error
bars in A and B indicate the SEM (n = 3). *P < 0.05. ***P < 0.001. (C) Dot-blot
overlay assay of WT yEIp1 or its mutant and yElp2. Bound yElp2 was detected
by immunoblotting with an antibody against the Hisg-tag (Top). The PVDF
membrane was stained with Coomassie blue (Middle). WT yEIp1 and its mu-
tant were resolved by SDS/PAGE to normalize the sample inputs (Bottom).
(D) Bar graph of yElp2 binding. The error bar indicates the SEM (n = 6). ***P <
0.001. (E) yElp1 self-association is essential for yeast cell viability. Strains
of the indicated genotype were grown to late log phase/stationary phase
(overnight) and plated in serial dilutions on a yeast peptone dextrose (YPD)
plate. The plates are shown after 40 h of incubation at (E7) 30 °C, at (E2) 37 °C,
on (E3) YPD containing 50 mM hydroxyurea (HU), and on (E4) YPD containing
0.5 M NaCl.

HA-yElpl or the mutant HA-yElp1-3(R-A) using coprecipita-
tion assays. As expected, HA-yElp1 specifically coprecipitated
with Myc-tagged yElp3-6 subunits in HEK293 cells (lane 1 in Fig.
5A). Notably, negligible amounts of the yElp4-6 subcomplex and
significantly decreased amounts of yElp3 coprecipitated with the
mutant HA-yElp1-3(R-A) (lane 2 in Fig. 5A4). Interestingly,
Myc-yElp2 did not coprecipitate with GPF-yElpl in extracts
prepared from HEK293 cells (lane 1 in Fig. 54). However,
GFP-yElp2 did coprecipitate with HA-yElp1 in the extracts pre-
pared from yeast cells (lane 1 in Fig. 5B). Decreased levels of the
mutant HA-yElp1-3(R-A) coprecipitated with either GFP-yElp2
(Fig. 5B) or Myc-yElp3 (Fig. S6B) in the extracts prepared from
yeast cells compared with WT HA-Elpl. We also showed that
the purified monomeric mutant yElp1-3(R-A) bound to the pu-
rified yEIp2 with ~50% decreased affinity compared with purified
yElpl-WT (Fig. 5 C and D). Together, these results indicate that
yElp1 self-association is also important for yeast Elongator formation.

The previously described structural and biochemical results
clearly demonstrated that the conserved Elpl self-association is
important for the assembly of human and yeast Elongator. Next,
we used yeast as a host to investigate the role of yElp1 in vivo. To
this end, a yelpIA strain was generated by replacing the yELPI
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gene with S. cerevisiae URA3 (Table S2). As expected, yeast cells
with yelplA exhibited typical elp phenotypes [e.g., the slow-start
phenotype and sensitivity to temperature, hydroxyurea (HU),
and salt] (Fig. 5E), which is consistent with previous studies (7,
12, 13). To further explore the role of yElp1 in vivo, we evaluated
the importance of yElpl self-association-mediated Elongator
assembly using a complementation assay. To evaluate their
ability to complement elp phenotypes, the plasmids pP1K-
3HA-yElp1(404) and pP1K-3HA-yElp1-3(R-A) and the corre-
sponding empty vectors were linearized and integrated into
the yelplA strain. Interestingly, expression of the WT yELPI
(YELP1-WT), but not of the mutant yELPI-3(R-A), could
fully rescue the yelp14 phenotype (Fig. SE). Collectively, these
results indicate that Elpl self-association—-mediated Elongator
assembly is crucial for yeast growth.

Discussion

The crystal structures of human and yeast Elp1 presented in this
study provide for the first time, to our knowledge, structural
insights into the roles of Elpl in Elongator assembly and activ-
ities. Our analysis reveals that the C terminus of both human and
yeast Elpl contains an evolutionarily conserved dimerization do-
main. These dimerization domains, which are sufficient for full-
length protein self-association and are necessary for Elongator
assembly, assemble into novel structures composed of tandem
repeats of an a-helical structural unit (Figs. 2 and 3) with a very
similar dimeric conformation although the sequence identity is low
between human and yeast Elpl (Fig. S2). Therefore, it can be
assumed that the structural and biochemical features of the Elp1
dimerization domain described herein are shared by the orthologs
of Elpl in other eukaryotic species.

A recent study indicated that the yElp2 subunit is a monomer
in solution (16). Consistent with this observation, negligible
amounts of Myc-yElp2 coprecipitated with GFP-yElp2 in the
extracts prepared from a yelp! knockout yeast strain (lane 3 in
Fig. S6C). Notably, Myc-yElp2 specifically coprecipitated with
GFP-yElp2 in the presence of WT yElp1 whereas the amounts of
Myc-yElp2 that coprecipitated with GFP-yElp2 were markedly
decreased with the self-association deficient mutant yElp1-3
(R-A) (lane 2 compared with lane 1 in Fig. S6C), indicating that
the yElp1 dimer is required for recruiting two copies of yElp2 for
yElpl-mediated complex (e.g., yeast holo-Elongator) formation.
Using a similar coimmunoprecipitation strategy, we showed that
both the yeast and human Elpl dimers are also required for
incorporating two copies of yElIp3 (Fig. S6D) or human Elp3
(Fig. S6E), respectively, into Elpl-mediated complexes.

A previous study had demonstrated that yElp1 binds to tRNA with
its basic region (33). We next tested the role of Elpl self-association
in its tRNA-binding ability using an electrophoretic mobility shift
assay. The acquired data clearly indicated that the monomeric mu-
tants of both human Elpl-CT (Fig. S74) and yeast full-length Elp1
(Fig. STB) have comparable binding affinities for their cognate tRNA
targets (e.g., tRNAG;,"", a substrate of Elongator) oompared with
the WT proteins, mdlcatmg that Elpl self association is dispensable
for tRNA bmdmg, at least for tRNAg, "V

Several previous studies have indicated that overexpression of
the N-terminal half of Elpl could neither rescue Elpl depletion-
caused defects in adhesion and migration in several cell types (34)
nor rescue early embryonic lethality induced by a complete loss of
Elpl in mouse (27, 35). One explanation may be that the C-ter-
minal dimerization domain of Elpl (identified in this study) is
obligatory for its normal function, at least for Elongator assembly.

Based on the observation of Elpl that dimerization is essential
for Elongator assembly (Fig. 4), we can conclude that the func-
tion of Elongator may be impaired as a consequence of the self-
association deficiency of Elpl in most FD patients (>99.5% of
FD cases) (Fig. 1). According to the importance of the conserved
Elp1 self-association for Elpl function, we hypothesized that
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the other disease-related point mutations identified in FD and
BA may disrupt Elp1 self-association. Unexpectedly, analysis of the
crystal structure of Elp1-CT revealed that the residues P914, C1072,
and P1158, which are mutated in Elpl of FD and BA patients, lie
far from the dimer interface of Elp1-CT (Fig. S84). Consistent with
this structural observation, GFP-Elp1 containing P914L, C1072S, or
P1158L coprecipitated with Myc-Elpl (Fig. S8B), indicating that
these disease-related mutations do not affect Elp1 self-association.
Notably, mutation of R696 to proline, which is another FD-related
mutation, also did not alter the state of Elp1 self-association (Fig.
S8B) because this residue lies outside of the Elpl dimerization
domain (Fig. 14). Nevertheless, these four disease-related mutations
indeed are likely to destabilize the structural integrity of Elongator
because these four point mutations affected Elp1-3 subcomplex
formation to a certain extent (Fig. 1 D and E). Thus, these disease-
related mutations may affect the integrity of a functional Elongator,
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which affects gene regulation in the progress of these diseases. Fu-
ture studies are necessary to evaluate this hypothesis.

Materials and Methods

All of the proteins used in this study were expressed in BL21(DE3) Codon Plus
Escherichia coli cells and purified by affinity chromatography followed by size-
exclusion chromatography. Crystals were obtained by the sitting drop vapor
diffusion method. An extended section describing protein preparation, crys-
tallization, structure determination, yeast strain construction, and in vivo and
in vitro biochemical assays can be found in S/ Materials and Methods.
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