Article

V4

TRANSPARENT
PROCESS

EMBO

reports

Molecular architecture of the yeast Elongator
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Abstract

Elongator is a ~850 kDa protein complex involved in multiple
processes from transcription to tRNA modification. Conserved from
yeast to humans, Elongator is assembled from two copies of six
unique subunits (Elpl to Elp6). Despite the wealth of structural
data on the individual subunits, the overall architecture and
subunit organization of the full Elongator and the molecular mech-
anisms of how it exerts its multiple activities remain unclear. Using
single-particle electron microscopy (EM), we revealed that yeast
Elongator adopts a bilobal architecture and an unexpected asym-
metric subunit arrangement resulting from the hexameric Elp456
subassembly anchored to one of the two Elp123 lobes that form
the structural scaffold. By integrating the EM data with available
subunit crystal structures and restraints generated from cross-
linking coupled to mass spectrometry, we constructed a multiscale
molecular model that showed the two Elp3, the main catalytic
subunit, are located in two distinct environments. This work
provides the first structural insights into Elongator and a frame-
work to understand the molecular basis of its multifunctionality.
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Introduction

The Elongator complex is an evolutionarily conserved multisubunit
protein complex initially identified as a component of the elongating
form of RNA polymerase II [1]. Subsequent studies revealed that Elon-
gator participates in various processes, including histone acetylation
[2], transcription regulation [3,4], a-tubulin acetylation [5], and tRNA
modification [6]. In particular, Elongator plays an essential role in the

addition of 5-methoxycarbonylmethyl and 5-carbamoylmethyl to the
wobble base pair of transfer RNAs (tRNAs) that stabilizes codon—anti-
codon interactions and facilitates translation [7]. Because of its broad
range of activities, deficiencies in human Elongator have been shown
to give rise to serious pathological conditions such as familial dysau-
tonomia and other neurological disorders [8-11].

Elongator consists of six unique subunits (Elpl, Elp2, Elp3, Elp4,
ElpS, and Elp6), with two copies of each protein associating into a
dodecameric ~850 kDa holo-complex [12,13]. Previous biochemical
studies have shown that the Elongator subunits are organized into
two subassemblies: one composed of Elp1, Elp2, and Elp3 (Elp123),
and the other one composed of Elp4, Elp5, and Elp6 (Elp456) [12,14].
Elp123 houses Elp3, the main catalytic subunit, which contains both
a GenS-related N-acetyltransferase histone acetyltransferase (HAT)
domain and a radical S-adenosylmethionine (SAM) domain [15].
Elp456 forms a heterohexameric RecA-like ATPase ring, which
possesses ATP-modulated tRNA binding activity [13]. How the multi-
ple catalytic domains of Elongator are regulated is poorly understood.

Despite a fairly extensive understanding of the domain composition
of Elongator and recent advances in delineating the structural proper-
ties of individual Elongator subunits (e.g., Elpl C-terminal domain,
Elp2, and Elp456) [13,16-18], the overall architecture and subunit
organization of this complex remain unclear. We have isolated the
holo-Elongator complex from vyeast Saccharomyces cerevisiae and
obtained the first structural data on this complex using an integrative
approach combining single-particle electron microscopy (EM), cross-
linking coupled to mass spectrometry (CXMS), and multiscale model-
ing. Our data revealed an unexpected asymmetric overall architecture
and subunit organization of Elongator and provided a framework to
understand the molecular basis of Elongator’s multifunctionality.

Results
Yeast Elongator adopts an asymmetric overall architecture

We isolated the full Elongator complex from a S. cerevisiae strain
encoding C-terminally FLAG-tagged Elpl (Fig 1A). Densitometry
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Figure 1. Elongator is a two-lobed asymmetric complex.

A Coomassie Blue-stained SDS—PAGE of yeast Elongator isolated by FLAG affinity purification and glycerol gradient ultracentrifugation from a strain encoding

C-terminally FLAG-tagged Elp1.

Representative segment of an electron micrograph of negatively stained Elongator after stabilization by gradient fixation (lane 6 of panel A). Circled particles

correspond to intact Elongator. White scale bar corresponds to 50 nm.

Representative 2D class averages of the full Elongator complex from a total of 17,074 particles.

Representative 2D class averages of the EIp123 subcomplex prepared through a high salt dissociation procedure.

Six evenly sized densities are arranged in one Elongator lobe. A projection of the Elp456 hexamer X-ray structure (PDB code: 4A8]) is shown for comparison.

Analysis of Elp2 localization using a C-terminal MBP tag. Class averages of untagged Elongator are shown for comparison. White arrowheads point toward additional

densities in the tagged complex.

Elp3 localization analysis using a C-terminal MBP tag, denoted by the white arrowhead.

H Mapping of Elpl by incubating purified Elongator containing an Elpl C-terminal FLAG tag with a-FLAG antibody. The additional antibody density is denoted by the
white arrowhead.

| Three-dimensional reconstruction of the intact Elongator complex at 25 A.

] Schematic of the approximate subunit locations based on 2D EM analysis.

K Inset showing the cavity formed through the center of the putative EIp456 density.
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Data information: All class averages shown in this figure have side width of 500 A. Black scale bars in this figure correspond to 50 A.
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analysis showed that the peak fraction obtained from an identical
gradient run without cross-linker contains stoichiometric quantities
of each of the six Elongator subunits (Table EV1), confirming that
this procedure preserved the integrity of Elongator. Negative stain
EM analysis of purified Elongator showed elongated, bilobal parti-
cles with dimensions of approximately 300 A x 200 A (Fig 1B).
Subsequent two-dimensional (2D) classification analysis revealed
that Elongator adopts an overall shape resembling a moth, with two
prominent triangular-shaped “wings” connected at two corners by a
small central density (Fig 1C panel 1).

The Elongator subunits have been proposed to associate into a
symmetric complex, with two Elp123 subcomplexes connected to
one another via the hexameric ring assembly formed by Elp456
[15]. To our surprise, our 2D analysis showed that the majority of
Elongator adopts an asymmetric architecture (Fig EV1A). In particu-
lar, the most populated 2D class averages of intact Elongator show
particles with a ring-shaped density perched on top of one of the
two wings. Interestingly, no particles containing two ring-shaped
densities were observed in our dataset (Fig EV1A). In addition to
the unique asymmetric architecture, our 2D analysis also revealed
variability in the distance between the two lobes of the complex,
with some particles showing a more “open” conformation (Fig 1C
panel 3, and Fig 1D panel 1) and others a more “closed” conforma-
tion (Fig 1C panel 4, and Fig 1D panel 3).

The overall dimensions and hexameric shape of the ring-shaped
density resemble that of the projection view of the Elp456 crystal
structure (Fig 1E). To determine whether Elp456 constitutes this
density, we isolated the Elp123 subcomplex from the Elpl1-FLAG
strain using a high salt purification strategy that dissociates Elp456
from the full Elongator complex [14]. Class averages obtained from
2D EM analysis of purified Elp123 show particles with both lobes
lacking the ring-shaped density (Figs 1D and EV1B and C). This
result not only confirmed that Elp456 indeed binds to only one half
of the Elp123 dimer in the intact complex but also showed that two
Elp123 subcomplexes can dimerize in the absence of Elp456.

We next took an EM-based labeling approach to further investi-
gate the organization of Elp123. We isolated Elongator containing
C-terminal maltose binding protein (MBP) tagged Elp2 or Elp3 and
localized the MBP labels by negative stain EM. We found that Elon-
gator containing either MBP-tagged Elp2 or Elp3 displays additional
densities at either the furthest corners or the posterior edge of the
Elongator “wings” (Fig 1F and G). Only one Elp3-MBP density could
be resolved from our 2D analysis. We attribute this to the class aver-
aging procedure aligning one copy of the tag, while the variable
relative position of the second tag resulted in its density being aver-
aged down to background levels. To map the location of Elpl
C-terminus, we applied a similar EM-based approach using anti-
body-based labeling (Fig 1H). We observed an additional density
corresponding to the antibody attaching to the tube-like density
connecting the two Elongator lobes, a location consistent with
recent findings that the Elpl C-terminal domain mediates complex
dimerization [16]. Collectively, these results indicate that Elp2 and
Elp3 are positioned along the distal corners and posterior edges of
the moth-shaped complex, respectively, while the Elpl C-terminus
likely forms the bridge between the two lobes of Elongator.

The limited yield of our native complex purification has
prevented us from preparing vitrified specimens and characterizing
this complex at higher resolution by cryo-EM. We therefore
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determined a three-dimensional (3D) reconstruction of Elongator
from our negative stained specimens (Figs 1I and EV2). The result-
ing ~25 A resolution structure confirmed that one of the two wing-
shaped lobes houses an additional density with size and shape
resembling the Elp456 hexamer. The plane of the Elp456 hexamer is
angled approximately 30 degrees away from the complex plane
(Fig 11, top view) with the posterior edge closest to the Elp123 core
complex. Aside from the putative Elp456 hexamer, each lobe can be
divided into three main densities arranged adjacent to each other.
Based on our MBP-tagging experiments, we assigned the distal and
central densities as Elp2 and Elp3, respectively (Fig 1J). Further-
more, the EM density map revealed a slender cavity, approximately
80 A deep, that projects into the Elp123 lobe through the center of
the Elp456 hexamer (Fig 1K).

Subunit connectivity of holo-Elongator

To gain further insights into the subunit connectivity of Elongator, we
generated knockouts of three elp genes (elplA, elp2A, or elp3A) in a
FLAG-tagged Elp4 background strain, and performing mass spec-
trometry analysis of anti-FLAG affinity purified samples from these
three yeast strains to determine the effects of these mutations on
complex formation (Fig 2A). We found that Elp5 and Elp6 co-purified
with Elp4 in all three mutants, suggesting that the Elp456 ring can
assemble independently of Elp123. Our analysis also showed that
Elp1 is essential to the binding of Elp2 and Elp3 to Elp456, while Elp2
deletion has no effects on the association of Elp1 and Elp3 to Elp456.
Finally, Elp3 deletion severely disrupts Elp2 but not Elpl binding to
Elp4. Results from these studies are consistent with the observed
peripheral location of Elp2 and in addition indicated that Elp1 not only
mediates complex dimerization but also serves as the major scaffold
for other Elongator subunits to assemble.

To gain molecular insights into subunit organization, we
subjected purified Elongator to cross-linking coupled to mass spec-
trometry (CXMS) analysis. We incubated purified Elongator with
the cross-linker disuccinimidyl suberate (DSS) (Fig EV3) and
analyzed the cross-linked peptides by mass spectrometry to identify
lysines in close proximity to each other (Fig 2B-D). We found that
24 out of 25 cross-linked residues observable in available high-
resolution structures of Elongator subunits were within the 30 A
maximum Ca-Ca distance allowable by DSS [19] (Table EV2).

The Elpl N-terminal domain, Elp2, Elp3, and Elp4 contained the
highest number of cross-links, suggesting that these subunits likely
form the primary interaction interface of the complex (Fig 2B-D).
Elp3 was found cross-linked to every unique subunit of Elongator.
This observation is consistent with the central location of this
subunit deduced from our EM-based labeling analysis. Furthermore,
by mapping the cross-linked residues onto the crystal structure of
the core Elp456 hexamer [13], we found that the B-sheet-rich face of
the Elp456 housing the N- and C-termini of Elp5 and Elp6 is likely
oriented toward the Elp123 core complex.

Conserved loop regions of Elp2 are crucial to Elongator function
To further validate our CXMS data, we probed a series of four loop
regions in Elp2 that were found to be cross-linked to other Elonga-

tor subunits. We hypothesized that these loops are important for
Elp2’s role in Elongator function, possibly in stabilizing major

© 2016 The Authors
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Figure 2. Mass spectrometry analysis of Elongator.
A
Elp4 peptides. Individual data points are represented as circles, while the averages

the major cross-linking connectivity of EIp123 is shown.
Major cross-linking connectivity of the EIp456 complex.

black lines.

interaction interfaces. We introduced alanine mutations to the
conserved residues within four loops (Fig 3A) and examined their
effects on Elongator function. We found that mutations in loops 1,
3, and 4 of Elp2 cause impaired growth on plates containing caf-
feine (Fig 3B). These mutants are also resistant to the Kluyvero-
myces lactis toxin zymocin, which specifically cleaves tRNA
harboring U34 (wobble position) modification (Fig 3C) [20]. Both
these phenotypes are consistent with impaired Elongator function
[12,21].

We next evaluated the association of these Elp2 mutants to
other Elongator subunits. We purified Elongator from strains
expressing the Elp2 loop mutants and Elp4-FLAG using anti-FLAG
affinity chromatography and probed the eluted proteins by
Western blot (Fig 3D). We found that the Elp2 loop 2 mutations
did not affect co-purification with Elp4-FLAG. By contrast, the loop
1 mutation results in substantially reduced level of Elp2 co-puri-
fied with Elp4 (Fig 3D). The loop 3 and 4 mutations led to a mild

© 2016 The Authors

Number of peptides detected of each Elongator subunit purified through Elp4-FLAG pull-down from yeast lacking ELP1, ELP2, or ELP3 as a fraction of the number of

are represented as bars.

Purified Elongator was incubated with the primary amine cross-linker disuccinimidy! suberate (DSS) and analyzed by mass spectrometry. Schematic representation of

Detailed locations of cross-linked residues plotted onto a domain representation of Elongator. Lysines from two residues found cross-linked together are denoted by

reduction in co-purification, suggesting that these loops mediate
Elp2 function aside from complex assembly. These results confirm
that the highly cross-linked, conserved residues in the loop 1, loop
3, and loop 4 regions of Elp2 are critical for Elongator function.

Model of yeast Elongator architecture

To visualize the overall architecture of Elongator, we took a multi-
scale modeling approach that involves integrating: (i) EM mapping
data; (ii) the subunit cross-linking patterns; (iii) the available crystal
structures of Elpl C-terminal domain [16], Elp2 [17], and the core
Elp456 hexamer [13]; and (iv) and homology models of the Elp1 N-
terminal WD40 and the Elp3 HAT and radical SAM domains to
derive a “best fit” multiscale model representing the approximate
overall architecture of Elongator (Fig 4). The Elpl N-terminal
tandem WD40 domains fitted to two stacked disk-shaped density in
the junction between the two Elongator lobes (Fig 4A). Fitting of
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Figure 3. Conserved Elp2 loops are important for Elongator function.

A
B

Schematic of the conserved residues within four Elp2 loops that were mutated to alanine within an ELP2 plasmid.

Plasmids containing ELP2 and the four loop mutants were transformed into elp2A yeast. The strains were then plated onto —Ura media containing caffeine. The
pRS416 vector was used for these experiments.

Growth curve analysis of loop mutants in —Ura media with and without K. lactis toxin zymocin. Shaded regions correspond to the SEM at each time point. N = 3.
Lysates of Elp4-FLAG-containing yeast expressing the Elp2 loop mutants were incubated with o-FLAG resin and eluted with 3xFLAG peptides and then analyzed by

@
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Western blot using o-HA and a-FLAG antibody

the Elpl C-terminal dimerization domain, Elp2, and Elp3 was all
consistent with the EM labeling experiments: Elp2 to the distal ends
of the complex, Elp3 to the center of each lobe, and Elp1 C-terminus
in the slender junction bridging the two lobes of the complex
(Fig 4A). The X-ray structure of Elp456 fit unambiguously to the six-
membered ring-shaped density consistent found in both 2D and 3D
reconstructions of the intact complex (Fig 4B). The cavity through
the center of the Elp456 ring is large and deep enough for a tRNA
molecule to bind (Fig 4C).

Our model is consistent with our CXMS results, with direct
access between cross-linked lysine pairs (Fig 4D). However, the
distance between several Elp2-EIpIN cross-links exceeds the
predicted DSS length. This is likely due to a combination of imper-
fect homology modeling of the Elp1l N-terminal WD40 domains and
potential conformational flexibility of the Elp123 lobe. Flexibility

EMBO reports Vol 18 | No 22017

within macromolecules often result in the violation of the allowable
intersubunit cross-linking length [22,23], and movement within the
Elp123 lobe may transiently shorten the distance between Elpl and
Elp2.

The resulting model shows that the two Elpl subunits form a
central scaffold and dimerize at their C-terminal regions, linking the
two wing-shaped lobes. Elpl, Elp2, and Elp3 constitute the three
adjoining densities forming the central framework of the complex.
The lone Elp456 ring is anchored to one of the two Elp123 lobes.
The 80 A deep cavity spanning the center of Elp456 contacts the
Elp3 HAT and radical SAM domains extensively (Fig 5B). Since resi-
dues lining the center of the hexamer were shown to be important
for tRNA binding [13], and that this cavity can accommodate a
tRNA molecule (Fig 5C), we speculate that this cavity might serve
as the tRNA binding site.

© 2016 The Authors
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A Fitting of Elp123 structures into the 3D reconstruction of Elongator. The homology structure of the Elpl N-terminal double WD40-domains, the homology structure
of Elp3 based on the X-ray structure of D. mccartyi (5L7)), the X-ray structure of Elp1l C-terminal dimer (5CQS), and the X-ray structure of Elp2 (4XFV). Scale bar

corresponds to 50 A and applies to panels (A-C).

B Fitting of the EIp456 heterohexameric ATPase ring (4A8)) into the six-membered ring from the larger Elongator lobe.

(@}

Our Elongator molecular model showed that the two Elp123
lobes are arranged in an asymmetric fashion. An implication of
this finding is that Elp123 undergoes a conformational change
upon binding of one Elp456 ring. To characterize this structural
rearrangement further, we determined the three-dimensional
reconstruction of the Elp123 subcomplex and then overlaid this
structure into the EM density map of full Elongator (Figs 5C and
EV4). Our analysis revealed that Elp123 adopts a more extended
conformation (Figs 5C, front view, and EV4E) and a different
rotational state relative to the putative Elpl C-terminal bridge
(Figs 5C, top view, and EV4F) compared to Elp123 within the
full Elongator.

Elp123 can accommodate two of Elp456 hexamers

In addition to potentially enhancing interaction between Elp456
and Elp123, the observed conformational change of Elp123 might
function to preclude the loading of a second Elp456 ring on the
opposite Elp123 lobe. To test this hypothesis, we first need to
verify that native Elongator contains only one Elp456 ring. Because
Elp456 is sensitive to dissociation from the holo-complex in high
salt conditions, we isolated Elongator from yeast cells using low
salt buffer conditions (75 mM NaCl). Despite the presence of
higher amount of contaminants in the purified complex, we were

© 2016 The Authors

Size comparison of a representative tRNA molecule (1VTQ) and the cavity observed through the middle of the Elp456 hexamer.
D Alternate views of the Elongator model showing the subunit cross-linking patterns.

able to conduct 2D EM analysis on this “low salt” sample. The
most populated class averages from this analysis show asymmet-
ric, single Elp456-loaded particles that are indistinguishable from
those obtained for Elongator purified using 150 mM NacCl (Figs 6A
and B, and EVS5A). However, to our surprise, we did detect a
minor population of particles that contain prominent densities on
both lobes (Fig 6B, class average indicated by a white triangle),
suggesting that Elongator can accommodate two bound Elp456
rings.

To determine whether our purification procedure affects the
Elp456 loading state of Elongator, we incubated native Elongator
purified from yeast in buffer containing 150 mM NaCl with recombi-
nant, catalytically active full-length Elp456 (rElp456) reconstituted
in Escherichia coli (Figs 6C and EV5B and C) and subjected this
mixture to glycerol gradient ultracentrifugation followed by
Coomassie-stained SDS-PAGE and 2D EM analyses (Figs 6D-F and
EV5D). As opposed to rElp456 which did not penetrate past the first
three fractions of the same glycerol gradient (Fig 6D), a significant
amount of externally supplied rElp456 co-migrated with the peak
fractions corresponding to Elongator (Fig 6E). Densitometry analy-
sis of the protein bands from the peak fraction revealed that there is
approximately twice as much Elp4, Elp5, and Elp6 compared to Elp1l
(Table EV3). Furthermore, the most populated class averages from
2D EM analysis of the peak fraction show particles with two

EMBO reports Vol 18 | No 2| 2017
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Figure 5. Model of Elongator subunit organization and Elp456 association.

Front

A CXMS and EM data, combined with the X-ray structures of Elpl C-terminus (5CQS), EIp2 (4XFV), Elp456 (4A8]), and homology models of the Elpl tandem WD-40
domains and Elp3, were used to estimate the relative positions of each subunit to generate a multiscale model of Elongator subunit organization.

B Side view of the Elongator architectural model highlighting the cavity (red outline) spanning through the center of the Elp456 hexamer.

C Comparison of the Elp123 conformations of the intact Elongator complex (gold) and the Elp123 subcomplex (cyan). The Elp456-unloaded lobe of Elongator and one

lobe of Elp123 were aligned.

hexameric ring-shaped densities decorating each of its two lobes
(Figs 6F and EV5D). Collectively, these results confirm that the two
copies of Elp456 subcomplexes can be stably anchored to Elongator
even in moderate salt conditions we used in our purification proce-
dure, and that the observed single-loaded nature of our purified
native complex potentially results from limiting quantities of Elp456
in the yeast cytoplasm.

Discussion

This study presented the first comprehensive structural investigation
of the intact Elongator complex. Previous studies have shown that
Elongator is inherently dimeric and consists of two copies of six
unique protein subunits [13]. Glatt et al proposed that Elp456 acts
as a centrally located bridge between the two Elp123 subcomplexes.
However, this model was challenged by the recent crystallographic
analysis of the Elpl C-terminal domain, which revealed that this
domain self-dimerizes and facilitates Elongator dimerization [16].
Our results clearly show that the Elp456 heterohexamer is anchored
to only one Elp123 lobe and distal to the dimerization interface. The
3D reconstruction of Elongator shows a long and slender bridging
density, consistent with the alpha-helical repeats of the C-terminal
TPR/IKAP dimerization domain [16]. Therefore, we conclude that
Elongator is an asymmetric “dimer of multimers” likely connected
by the Elpl C-terminal region. These findings were validated by a

EMBO reports Vol 18 | No 22017

similar negative stain EM- and CXMS-based study of yeast Elongator
from the Miiller group, who obtained an essentially identical struc-
ture and observed similar subunit arrangement [24]. We also
observed that Elp123 changes conformation upon Elp456 binding
(Fig 5C). Interestingly, the family of RecA-like ATPases that Elp456
belongs to contain many examples of molecular motors, such as
helicases and transporters that utilize NTPs to conduct mechanical
work [25]. The conformational changes of Elp123 could potentially
be induced by Elp456’s catalytic activity.

The mechanism limiting Elp456 association to only one Elp123
lobe is not known. We observed that the majority of front views of
the complex contain only one copy of the Elp456 ring. A minor
population of particles generated a class average with no discern-
able ring densities essentially identical to the class averages of the
purified Elp123 subcomplex (Fig EVIA and C). Furthermore, none
of the class averages we obtained for full Elongator show two
Elp456 rings associated with both Elp123 lobes. However, we show
that incubating purified Elongator with an excess of recombinant
Elp456 subcomplexes results in the association of two heterohexa-
meric rings to both Elp123 lobes (Fig 6F). This experiment indicates
that there is no direct mechanism preventing double loading of
Elp456 subcomplexes to Elp123. However, we also show that
complexes purified from yeast, even under low salt conditions,
mostly only contain one Elp456 ring (Fig 6B). Elongator stoichiome-
try may therefore be regulated at the level of expression to control
to available pool of Elp456. Indeed, Elp1, Elp2, and Elp3 have been

© 2016 The Authors
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Figure 6. Elongator can accommodate two copies of the Elp456 subcomplex.

A Silver-stained SDS—-PAGE of Elongator glycerol gradient fractions purified using low salt (75 mM NaCl) buffer. The fraction containing the most Elp4, Elp5, and Elp6 is
designated by an asterisk (*) and the corresponding fraction from a glutaraldehyde-containing glycerol gradient is used for EM analysis.

B Comparison of class averages of Elongator purified in buffer containing regular or low salt concentrations (150 mM and 75 mM Nacl, respectively). Density
resembling a second copy of Elp456 is indicated by a white triangle.

C Scheme of the Elongator and rElp456 mixing experiment. Recombinant Elp456 subcomplex (rElp456) was purified from E. coli and mixed with native yeast Elongator
in regular salt conditions. The mixture, as well as rElp456 alone, was then subjected to glycerol gradient ultracentrifugation.

D Coomassie-stained SDS—PAGE of rElp456 glycerol gradient fractions.

E Coomassie-stained SDS—PAGE of the Elongator mixed with rElp456 glycerol gradient fractions. The fraction containing the most intact complexes is indicated with an
asterisk (*), and the corresponding fraction from a glutaraldehyde-containing glycerol is used for EM analysis.

F Comparison of class averages of natively purified Elongator with and without rElp456 incubation. Densities resembling a second copy of Elp456 are indicated by
white triangles.

shown to be more abundant in the cell than Elp4, ElpS, and Elp6 1:1:1:2:2:2 complex is present and functional in vivo still needs to
[26]. be addressed in future studies.
Our study provides the first insight into the structure of the holo-
Elongator complex. In order to improve upon our architectural
model, high-resolution structural data on the Elpl N-terminal Materials and Methods
domain and Elp3 as well as the intact complex will be required.

Whether Elongator contains two copies of the Elp456 hetero- Yeast methods and strain construction
hexamer in vivo remains an open question. We and others have
shown that purified Elongator is most stable in conditions that result Standard S. cerevisiae genetics and culturing methods were used. A list

in a 1:1:1:1:1:1 subunit stoichiometry [12,13], but whether the of strains and plasmids used in this study is provided in Table EV4.
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Purification of yeast Elongator

To isolate the yeast holo-Elongator complex, 4 1 of S. cerevisiae
strains expressing C-terminally FLAG-tagged Elpl was grown to
an ODgoo of ~4, harvested, and lysed by freeze grinding using a
SPEX 6870 freezer mill (SPEX SamplePrep LLC, Metuchen, NJ).
Freeze-ground yeast was resuspended in lysis buffer (40 mM
HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM
PMSF, 50 mM NaF, 0.1 mM Na3;VO,;, 2 mM benzamidine, and
cOmplete EDTA-free protease inhibitor [Roche]) and pre-cleared
by ultracentrifugation at 154,000 x g for 30 min. Clarified lysate
was incubated with 500 pl anti-FLAG M2 resin (Sigma-Aldrich, St.
Louis, MO) at 4°C for 1 h. The resin was collected and washed
three times with lysis buffer without inhibitors, incubated with
2.5 pg/ml RNase A for 30 min at 4°C, and washed 3x with lysis
buffer without inhibitors. Bound Elongator was eluted with
2 x 500 pl of elution buffer (lysis buffer without inhibitors
containing 500 pg/ml 3xFLAG peptide (GenScript, Piscataway,
NJ). Further purity was achieved by subjecting the FLAG eluate
to glycerol gradient ultracentrifugation. More specifically, 200 pl
of eluate was overlaid onto a linear 15-30% glycerol gradient,
ultracentrifuged at 76,000 x g using an SW 55 Ti rotor (Beckman
Coulter, Brea, CA), and fractionated using the Gradient Station
(BioComp, Fredericton, Canada). For the final 3D reconstruction
of Elongator, we utilized the GraFix method to enhance stability
of the purified complex, with a glutaraldehyde gradient of
0-0.05% added to the glycerol gradient [27]. The initial random
conical tilt model was prepared using Elongator particles isolated
by glycerol gradient ultracentrifugation without glutaraldehyde.
Preparation of Elongator in low salt conditions utilizes an identi-
cal purification procedure, except all buffers used contain 75 mM
NaCl as opposed to 150 mM.

Preparation of the Elp123 subcomplex utilizes an identical FLAG
pull-down procedure to that of the intact complex using Elp1-FLAG
yeast, except all buffers used contain 300 mM NaCl. The FLAG
eluate was concentrated using a 100 kDa cutoff centrifugal filter unit
(Merck Millipore, Billerica, MA) and further purified by size-
exclusion chromatography using a Superose 6, 10/300 column (GE
Healthcare, Little Chalfont, UK).

The purification of Elongator with subunit deletions utilized the
same general procedure, except that for these experiments only 1 1
of yeast was used and lysis was performed using a coffee grinder
(Krups, Solingen, Germany). Furthermore, the FLAG eluates were
directly used for mass spectrometry analysis.

Antibody labeling analysis

GraFix-purified Elongator containing an Elpl C-terminal FLAG tag
was incubated with 50 pg/ml o-FLAG M2 antibody (Sigma-Aldrich,
St. Louis, MO) for 10 min at room temperature.

Electron microscopy

The peak glycerol gradient fractions containing Elongator were
adsorbed to glow-discharged carbon-coated grids and stained with
uranyl formate as described previously [28]. The EM specimens
were examined using a Tecnai Spirit G2 (FEL Hillsboro, OR) oper-
ated at an accelerating voltage of 120 kV. Micrographs were
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acquired at a nominal magnification of 49,000 with an FEI Eagle
4K charge-coupled device (CCD) camera at a defocus of 1-1.5 pm.
For collecting tilt pair data for determining an initial 3D model, the
same area of the grid was imaged at 60° tilt and untilted.

Image processing

To determine the 3D reconstruction of Elongator, we first obtained
an initial model using the random conical tilt approach implemented
in the SPIDER software suite [29]. In brief, tilt pair particles from
the tilt pair dataset were selected using WEB, with the untilted parti-
cles subjected to alignment and classification. Tilted particles from
the most populated classes were used to calculate a reconstruction
using the back projection procedure.

For the final Elongator reconstruction, we collected 100 micro-
graphs which were phase-flip CTF corrected using CTFFIND3 and
SPIDER (final pixel size 7.0 A/pixel) [29,30]. The micrographs were
subjected to template-based autopicking in RELION to obtain a total
of 17,074 particles [31]. These particles were then aligned and clas-
sified using maximum likelihood methods and the averages for each
class calculated using RELION (Fig EV1). These class averages were
used for the 2D analysis of intact Elongator. Bad particles were
excluded to yield a particle count of 9,962. The particles were then
subjected to RELION 3D classification using the RCT model as a
reference. Classes of inferior quality were discarded for a final parti-
cle count of 8,190. The final set of particles were used to refine the
most highly populated class from 3D classification using RELION’s
auto-refine feature. At no point did we discriminate between “open”
and “closed” lobe conformations of the complex. After postprocess-
ing without map sharpening, a final resolution of 25 A was calcu-
lated at the 0.143 FSC criterion using the gold-standard method
[32]. Details on this process can be found in Fig EV2.

Similar procedures were used for the Elpl123 reconstruction.
28,121 particles were extracted from 106 phase-flipped micrographs.
Bad particles were discarded after 2D alignment and classification,
and 16,362 particles were used for 3D classification with the RCT
reconstruction of intact Elongator as an initial model. All particles
segregated to classes resembling Elongator and were used to refine
the highest quality 3D model. As with full Elongator, we did not
discriminate between the “open” and “closed” conformations of the
complex.

For subunit localization 2D image analysis, all micrographs were
binned twice to give a final pixel size of 4.67 A/pixel. Individual
particles were selected using EMAN Boxer [33]. Particle images
were then aligned and classified in either SPIDER [29] or RELION to
generate the class averages. No significant differences between the
performances of these two software suites were detected. Particles
from class averages showing additional C-terminal MBP tag density
were subjected to a second round of alignment and classification to
further segregate particles with the additional MBP density. The
same procedure of classification and subclassification was employed
to determine the location of the anti-FLAG antibody bound to Elon-
gator containing Elp1-FLAG.

Cross-linking coupled to mass spectrometry

FLAG-purified Elongator (without glycerol gradient ultracentrifuga-
tion) was incubated with either 40, 80, 160, 240, 320, 480, or

© 2016 The Authors
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640 M of disuccinimidyl suberate (DSS) for 30 min at room
temperature. This range of cross-linker concentrations was deter-
mined to generate both lightly and extensively cross-linked
complexes by SDS-PAGE across two experiments with slightly dif-
ferent preparation methods until a satisfactory number of cross-
linked peptides were detected. Reactions were quenched using
50 mM Tris—HCl pH 8.0 for 15 min at room temperature. Cross-
linked samples were separated on 5-20% SDS-PAGE (Bio-Rad,
Hercules, CA) followed by Coomassie Blue G-250 staining
(Fig EV3). The high molecular weight band corresponding to the
cross-linked complex was excised and subsequently processed for
mass spectrometry analysis as previously described [34]. Both
experimental samples were digested with a combination of 10 ng/ul
trypsin and 5 ng/ul Lys-C. Digested products were analyzed on a Q
Exactive MS instrument equipped with an Easy nano-LC 1000 liquid
chromatography system (ThermoFisher Scientific, Waltham, MA).
Digested peptides (~0.5 pg) were loaded onto 75 pm x 6 cm trap
column that was packed with 10 um, 120 A ODS-AQ C18 resin
(YMC, Kyoto, Japan) and connected through a microTee to a
75 um x 10 cm  analytical column packed with 1.8 pm, 120 A
UHPLC-XB-C18 resin (Welch Materials, Shanghai, China). Peptides
were separated over a 100-min linear gradient from 100% buffer A
(0.1% FA) to 30% buffer B (100% ACN, 0.1% FA) and then a
10-min gradient from 30% to 80% buffer B, reaching 100% buffer B
in the next 1 min and maintaining at 100% buffer B for 2 min
before returning to 100% buffer A in 3 min and ending with a 4-min
100% buffer A wash. The flow rate was 200 nl/min.

MS parameters: Top 20 most intense ions are selected for MS2 by
HCD dissociation; R = 140,000 in full scan, R = 17,500 in HCD scan;
AGC targets were 1e6 for the full scan, 5e4 for MS2; minimal signal
threshold for MS2 = 4e4; +1, > +6 and unassigned precursors were
excluded for identifying immune-precipitated products which +2
precursors were also excluded for cross-linking samples; normalized
collision energy is 27 for HCD; and peptide match is preferred.

Identification of cross-linking peptides and interacting proteins

The MS data were analyzed using the pLink software tool [35] to iden-
tify cross-linked peptides. The pLink search parameters were as
follows: The protein database consisted of the sequences of six Elonga-
tor subunits and the proteases used to digest samples; maximum
number of missed cleavages (excluding the cross-linking site) = 3;
min. peptide length = 4 amino acids; and cysteine carbamidomethyla-
tion was set as fixed modification. pLink search results were filtered by
requiring FDR < 0.05 and a mass deviation < 10 ppm of the observed
precursor from either the mono-, the first, second, third, or fourth
isotope of the matched candidate. Then, the inter-linked peptides were
further filtered by E-value < 0.0001 and spectra count > 2.

Identification of co-purified proteins from Elongator subunit
deletion strains

Proteins co-purified with Elp4-FLAG from either elplA, elp2A, or
elp3A mutant strains were identified by searching the MS data
against a UniProt S. cerevisiae protein database using Prolucid [36].
The Prolucid search results were filtered using DTASelect 2 [37] by
requiring < 1% FDR at the peptide level. The protein FDR was
< 6%. Technical duplicates were performed.

© 2016 The Authors
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Yeast phenotypic assays

Single colonies of each strain were grown in 5 ml Ura— medium at
30°C overnight with continuous shaking. For the zymocin growth
curve assay, the overnight cultures were used to inoculate wells in a
48-well plate to a total volume of 200 pl per well and an ODggg of
0.1 in technical triplicates. Conditions and strains in each well were
randomized on the plate to account for non-uniform heating.
Certain wells only contained Ura— media for background correction.
+Zymocin media consist of 4:5 volume of Ura— media and 1:5
volume of concentrated filtrate isolated from a culture of Kluyvero-
myces lactis (NCYC 1368). The plates were incubated in the BioTek
Synergy HTX microplate reader (BioTek, Winooski, VT) at 30°C
with continuous orbital shaking for 16 h. ODgo readings were taken
every 10 min. For yeast plate assays, the cultures were grown to an
ODgg of ~0.5 and a fivefold serial dilution is performed. 5 pl of each
dilution was spotted onto —Ura with and without 7 mM caffeine
plates. Each plate was incubated for 2 days at 30°C before imaging.
Three biological replicates were performed.

Elp2 loop mutant co-purification

Elongator was purified from yeast strains expressing both Elp2 loop
mutants and Elp4-FLAG using the FLAG affinity purification proce-
dure described above, with few adjustments. Quantities of reagents
and buffers used were adjusted for a starting culture volume of
approximately 200 ml. Prior to incubation with o-FLAG M2 resin,
the total protein concentration of the lysates was measured by Quick
Start Bradford Protein Assay (Bio-Rad, Hercules, CA) and standard-
ized across all strains analyzed. Glycerol gradient ultracentrifuga-
tion was not performed. Instead, FLAG elutions were analyzed by
Western blot using o-HA antibody (Applied Biological Materials,
Richmond, BC) and o-FLAG M2 antibody (Sigma-Aldrich, St. Louis,
MO).

Construction of the multiscale model of Elongator

The EM map of intact Elongator was used as the basis for fitting.
X-ray structures of the Elpl C-terminus, Elp2, and Elp456 were
obtained from PDB (5CQS, 4XFV, and 4A8J, respectively
[13,16,17]), the homology structure of the Elpl tandem WD40
domains was generated using Phyre2 [38], while the homology
structure of Elp3 was generated by SWISS-MODEL [39] based on the
X-ray structure of Dehalococcoides mccartyi (5L7J) [40]. Initial
manual rigid body fitting was performed in UCSF Chimera [41]
guided by the EM labeling experiments. Results from cross-linking
coupled to mass spectrometry were used to provide additional
restraints for further optimization of fitting of high-resolution struc-
tures within the map.

Overexpression and purification of recombinant
Elp456 subcomplexes

Full-length yeast ELP4 and ELP5 were cloned into the pQLinkN
vector and ELP6 was cloned into the pQLinkH vector containing
an N-terminal 6xHis tag. The vectors were combined to make the
pQLink-ELP4-ELP5-6xHis-ELP6 using ligation-independent cloning
methods [42]. The proteins were expressed in T7 Express
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competent E. coli (NEB, Ipswich, MA) at 18°C for 20 h using
1 mM isopropyl B-D-1-thiogalactopyranoside (Gold BioTechnology,
St. Louis, MO). E. coli pellets were harvested and sonicated in lysis
buffer (50 mM Tris-HCl pH 7.4, 300 mM NaCl, 5% glycerol,
10 mM imidazole, 1 mM DTT, 1 mM PMSF). Lysates were cleared
by centrifugation at 31,000 x g and incubated with nickel-NTA
resin (Thermo Fisher Scientific, Waltham, MA) for 1 h at 4°C, then
washed six times with wash buffer (50 mM Tris-HCl pH 7.4,
300 mM NaCl, 5% glycerol, 50 mM imidazole). Bound proteins
were eluted with elution buffer (50 mM Tris—HCI pH 7.4, 300 mM
NacCl, 5% glycerol, 250 mM imidazole). The eluted proteins were
loaded onto a Superdex 200, 10/300 GL (GE Healthcare, Little
Chalfont, UK) size-exclusion chromatography column. The final
buffer contains 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM
DTT, and 1 mM MgCl,.

Malachite green ATPase assay

Purified rElp456 was added to assay buffer (15 mM Tris-HCl pH
7.5, 100 mM NaCl, 1 mM MgCl,) with or without 0.5 mM ATP and
incubated at 30°C for 30 min. Malachite green solution (Sigma-
Aldrich, St. Louis, MO) was then added to the reaction and the
absorbance at 620 nm was determined using the BioTek Synergy
HTX microplate reader (BioTek, Winooski, VT). Absorbance read-
ings were compared to a standard curve to calculate concentrations
of free inorganic phosphate in each reaction. All assay conditions
were performed in triplicate.

Elongator and recombinant Elp456 mixing experiment

FLAG eluates prepared from Elpl1-FLAG as described above were
incubated for 30 min on ice with purified recombinant Elp456
(rElp456) at a volume ratio of 3:1. The mixture, as well as rElp456
alone, was subjected to GraFix analysis as described above with
identical buffer conditions.

Accession codes

The final reconstruction for the intact Elongator complex and the
Elp123 subcomplex was deposited into the EM Databank (entry
number EMD-8239 and EMD-8291, respectively).

Expanded View for this article is available online.
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