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An Iron-Sulfur Cluster Domain in Elp3 Important for the
Structural Integrity of Elongator™
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The Elongator complex functions in diverse cellular pro-
cesses, such as RNA polymerase II transcription and tRNA mod-
ification. The Elp3 subunit possesses a C-terminal histone
acetyltransferase (HAT) domain and an N-terminal sequence
that resembles an iron-sulfur (FeS) cluster motif. The HAT
domain is well characterized, but the role of the FeS cluster is
unknown, although one report proposed that it might be
involved in catalyzing histone demethylation. We investigated
the importance and function of the yeast Elp3 FeS cluster by a
combination of genetic and biochemical means. To minimize
oxidation of the Elp3 FeS cluster during purification, we also
developed a novel tandem affinity tag and an accompanying iso-
lation procedure that enables purification of tagged proteins to
virtual homogeneity within a few hours of cell disruption. Our
results failed to support a role for Elongator in histone demethy-
lation. Moreover FeS cluster integrity was not required for the
HAT or RNA binding activities of Elongator. However, a fully
functional FeS cluster was required for Elongator integrity and
for the association of the complex with its accessory factors
Ktill and Ktil2. In contrast, the association of Elongator with
RNA polymerase II in chromatin was unaffected by FeS cluster
mutations. Together our data support the idea that the Elp3 FeS
cluster is essential for normal Elongator function iz vivo primar-
ily as a structural, rather than catalytic, domain.

The Elongator complex (Elp1-Elp6) was originally identified
as a component of hyperphosphorylated RNA polymerase II
(RNAPII)? holoenzyme isolated from budding yeast chromatin
(1). The Elp3 subunit of Elongator harbors motifs found in the
Gcenb-related N-acetyltransferase family of histone acetyltrans-
ferases (HATs) (2, 3). Indeed both yeast and human Elongator
have HAT activity in vitro primarily directed toward histone H3
(4-6), and deletion of yeast ELP3 results in decreased histone
H3 acetylation levels in chromatin in vivo (4, 7). Depletion of
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human Elongator complex from HeLa nuclear extracts
decreases acetyl-CoA-dependent transcription through a chro-
matin template that can be restored by adding back purified
Elongator complex (6). In further support of a role in transcrip-
tion, RNA immunoprecipitation revealed that Elongator is
associated with the nascent RNA emanating from elongating
RNAPII along the coding region of several yeast genes (8), and
chromatin immunoprecipitation experiments from several lab-
oratories demonstrated an association of Elongator with active
genes in human cells (9—11). Moreover RNA interference-me-
diated depletion of the IkB kinase complex-associated protein/
hElp1 subunit of Elongator in human cells results in transcrip-
tion defects at numerous genes. These genes exhibit reduced
histone H3 acetylation and decreased RNAPII density specifi-
cally toward their 3'-end (10).

Interestingly the majority of Elongator is cytoplasmic in most
cell types investigated (6, 12),” indicating that the complex per-
forms additional distinct functions in the cell. In yeast, genetic
data have provided strong evidence for a role for Elongator
complex in tRNA modification (13, 14). However, the precise
cytoplasmic role of Elongator is unclear, and the relationship,
if any, between its nuclear and cytoplasmic functions also
remains poorly understood (for a review, see Ref. 15).

Genetic screening in yeast for mutations that confer resist-
ance toward the otherwise lethal intracellular expression of the
killer toxin (zymocin) <y subunit identified genes that were
named TOTI-7 (toxin target) (16-18). These genes either
encode subunits of yeast Elongator or the Ktil2 protein. ELP1
and K'T712 had been isolated previously in independent screens
for mutants that render cells resistant to the native toxin (insen-
sitive to killer (IKI) and killer toxin-insensitive (KTI) genes,
respectively) (19, 20). These screens also identified the Ktill
protein. Neither Ktill nor Ktil2 is stably associated with Elon-
gator, but both have been shown to physically and functionally
interact with the complex (17, 21, 22) and are also required for
tRNA modification (14). Unlike Elongator, which has proved
recalcitrant to detection at genes in yeast by chromatin immu-
noprecipitation, Kti12 is readily detected on genes by this assay
(21), suggesting that it may also affect Elongator function in the
nucleus. Thus, further investigation of the relationship among
Ktill, Kti12, and Elongator is warranted.

The study reported here was initiated in response to the find-
ing, by sequence alignment, that the Elp3 protein potentially
harbors an iron-sulfur cluster (FeS) domain, which was hypoth-
esized to function catalytically in histone demethylation (23). A
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subsequent study revealed that archaeal Elp3 indeed has an
unstable FeS cluster (24), making it even more pressing to know
the importance, if any, of this domain for Elp3 and Elongator
function in eukaryotes. Here we provide evidence that the Elp3
FeS cluster is functional and crucial for yeast Elongator but that
it does not appear to be involved in the known catalytic role(s)
of the complex. Rather our evidence supports the idea that it
provides structural stability and enables interaction with Ktill
and Ktil2. In contrast, Elongator interactions with RNAPII in
chromatin do not appear to require this motif.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—All of the Saccharomyces cerevi-
siae strains used for genetic analyses were congenic with strain
W303 (leu2-3,112 his3-11,15 ade2-1 ura3-1 trpl-1 canl-1) and
were grown and manipulated using standard techniques. The
elp3A strain has been described previously (2) as has the
strain expressing C-terminal His,,-hemagglutinin (HisHA)-
tagged Elp1 (25). Details of genomic tagging of the C terminus
of Elpl with Hisg-TEV,-Myc;3 (MycHis) are available on
request.

A plasmid containing the ELP3 coding sequence with up-
stream and downstream regulatory sequences was made previ-
ously (3). Point mutations in the putative iron-sulfur cluster
were generated using a QuikChange XL site-directed mutagen-
esis kit (Stratagene) and confirmed by sequencing. Methods for
construction of the Y540A mutant as well as for growth of elp3
strains expressing different Elp3 mutants were described previ-
ously (3).

Western Blotting and Antibodies—W estern blotting was car-
ried out using standard techniques. Elp3, Elp4, and Elp5 anti-
bodies were described previously (2, 25).

Purification of Wild Type and Point-mutated Elongator
Complexes—Elongator expressing Elp1 tagged at the C termi-
nus with HisHA was purified as described previously (25). To
purify complexes from the soluble fraction of the MycHis-
tagged strains, cells were grown to a density of ~1.5 X 107
cells/ml, harvested by centrifugation, washed in cold water, and
flash frozen in small droplets in liquid N, without addition of
buffer. Cells were disrupted by mechanical shearing under lig-
uid N, in a freezer mill (Glen Creston) (3 X 2 min at level 14
with 2-min precool and 2-min cool between cycles). An equal
volume (w/v) of A250 buffer (40 mm HEPES, 250 mm potassium
acetate, 20% glycerol, 5 mm dithiothreitol, 0.1% Nonidet P-40, 5
mM NaF, 5 mm NaPO,, 5 mm Na,P,O., protease inhibitors, pH
7.5) was added to the milled powder, and the extract was
allowed to thaw completely at 4 °C on a rolling mixer. Lysate
was clarified by spinning at 10,000 rpm for 10 min at 4 °C in an
SLA-3000 rotor. The supernatant was transferred to Ti45 ultra-
centrifuge tubes and centrifuged (40 krpm, 1 h, 4 °C), and the
soluble (middle) layer was kept and used in the subsequent
purification. Alternatively to prepare chromatin-enriched
extracts, the pellet and “murky” lower fraction from the Ti45
spin were resuspended in A250 buffer (approximately 0.2 vol-
umes of total extract volume at start) and solubilized on ice
using a Dounce homogenizer. The extract was transferred to a
larger beaker embedded in an ice-salt mixture and sonicated
five times for 30 s each at 75% output on a Branson 250 Digital
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Sonifier (cooling 2 min between each sonication). Following
sonication, the extract was centrifuged in a Beckman Ti45 rotor
(25,000 rpm, 30 min, 4 °C), and the supernatant was used in the
purification. Soluble or chromatin-enriched extracts were
incubated with 9E10 (anti-Myc)-Protein A beads (approxi-
mately 200 ul of beads/100 mg of protein) on a rolling mixer for
1hat4 °C. After extensive washing with A250 buffer, the beads
were washed and subsequently resuspended in tobacco etch
virus (TEV) buffer (40 mm Tris, 250 mMm potassium acetate, 5
mMm NaF, 5 mm NaPO,, 5 mm Na,P,O., pH 7.5). Elongator was
eluted twice by incubating with 2.5 volumes of TEV buffer con-
taining 40 ug of His-tagged tobacco etch virus protease for 90
min at 4 °C. The eluates were pooled, applied to nickel-nitrilo-
triacetic acid beads (Qiagen), and washed extensively with TEV
buffer. For the chromatin-enriched fractions, an extra wash of 3
volumes of TEV buffer containing 122 units/ml DNase I
(Sigma) and 28 units/ml RNase A (Sigma) was carried out. Pro-
tein was eluted from the nickel-nitrilotriacetic acid-agarose
with TEV buffer containing 500 mm imidazole. Elongator-con-
taining fractions were dialyzed against A100 buffer (same as
A250 buffer except with 100 mm potassium acetate), flash fro-
zen in liquid nitrogen, and stored at —80 °C. Details of purifi-
cation under anoxic conditions are described in the supple-
mental material.

HAT Assays—HAT assays were carried out in a 40-ul reac-
tion volume consisting of 10 ug of core histones (Upstate), 6 um
[*H]acetyl-CoA (2—-10 Ci/mmol, Amersham Biosciences), and
10-20 ul of purified Elongator in HAT buffer (40 mm HEPES-
KOH, 5 mm Na butyrate, 5 mm MgCl,, 25 mm NaCl, 100 mm
potassium acetate, 5 mm dithiothreitol, pH 7.5). Following a
30-min incubation at 30 °C, reactions were stopped by the addi-
tion of 14 ul of SDS-PAGE loading buffer and fractionated on
18% polyacrylamide gels. After Coomassie staining, gels were
soaked in Amplify solution (Amersham Biosciences) for 30 min
and dried, and histone bands were detected by fluorography.

In Vitro and in Vivo RNA Binding Assays—RNA electro-
phoretic mobility shift assays and RNA immunoprecipitations
were carried out as described previously (8)

RESULTS

A Functional Iron-Sulfur Cluster in the Yeast Elp3 Protein—
The Elp3 subunit of Elongator has a HAT domain located at its
C terminus (2, 4). More recently, the existence of a second con-
served N-terminal domain was proposed based on sequence
alignment (23). This domain bears homology to the catalytic
domain of radical S-adenosylmethionine (AdoMet) enzymes
and contains a cysteine-rich motif that might constitute an FeS
cluster (Fig. 1A). Indeed the involvement of this motif in the
formation of such a cluster in Methanococcus jannaschii Elp3
was recently supported experimentally (24).

Experiments to study the biophysical characteristics of the
FeS cluster in the context of Elongator could not be pursued
because of the large quantity of protein (mg amounts) required.
We therefore initially set out to investigate the role of this mod-
ule in regard to Elongator function in vivo. To this end, point
mutations (to alanine) were made at positions Cys-103 (a non-
conserved cysteine bordering the conserved domain) and the
highly conserved Cys-108, Cys-118, and Cys-121 residues in the
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FIGURE 1. Phenotypic analysis of a conserved iron-sulfur cluster domain
in Elp3. A, alignment of Elp3 amino acid sequences from eukaryotes (labeled
1 on left) (S.c., S. cerevisiae; H.s., Homo sapiens; M.m., Mus musculus; D.m., Dro-
sophila melanogaster; C.e., Caenorhabditis elegans; A.t., Arabidopsis thaliana)
and Elp3 homologues from Archaea (labeled 2) (M.j., Methanococcus jann-
aschii; T.v., Thermoplasma volcanium; S.s., Sulfolobus solfataricus; P.a., Pyrococ-
cus abyssi) with oxidative enzymes (labeled 3) HemN (B.s., Bacillus subtilis; B.j.,
Bradyrhizobium japonicum; H.p., Helicobacter pylori), BioB (B.s., Bacillus spha-
ericus), and PflA (C.p., Clostridium pasteurianum). The residues mutated in this
study and their degree of conservation are indicated. B, mutant Elp3 proteins are
expressed to wild type levels. elp3A cells were transformed with CEN plasmids
expressing no Elp3 (A), WT Elp3, or point-mutated Elp3 as indicated, and the
levels of Elp3 and Elp5 were assessed by Western blotting. The slight difference in
expression levels between different mutants was not consistently observed in
other experiments. The mutant proteins were also expressed at similar levels with
several other different tags (Fig. 38 and data not shown). C, growth phenotypes of
point mutants. Strains expressing the indicated Elp3 proteins were grown to mid-
log phase in selective medium, and 10-fold serial dilutions were then spotted
onto yeast peptone dextrose or yeast peptone dextrose containing 1 m NaCl and
then incubated at 30 or 37 °C as indicated for 2-3 days.

yeast Elp3 FeS cluster (Fig. 14). To examine the phenotypic
consequences of these point mutations, CEN plasmids express-
ing the mutant versions of ELP3 from its own promoter were
generated and transformed into an elp3A strain. In addition,
plasmids expressing wild type (WT) Elp3 or no Elp3 were
included as positive and negative controls, respectively. WT
Elp3 and all mutants were expressed at similar levels as deter-
mined by Western blotting, and the ELP3 mutations did not
affect the levels of another Elongator component, Elp5 (Fig. 1B).
The results of an experiment examining temperature and salt
sensitivity, both of which affect the growth of cells lacking ELP3
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(2), are shown in Fig. 1C. Only cells expressing Elp3 mutated at
the non-conserved Cys-103 position were able to grow nor-
mally at 37 °C and in the presence of 1 M salt. All other point
mutants displayed growth indistinguishable from that of the
elp3A strain. elp3A-like behavior was also observed for the
same cysteine mutants in other phenotypic assays for Elongator
function, such as synthetic slow growth with gen5 mutation (3)
and insensitivity to killer toxin (26) (supplemental Fig. SI).
These results demonstrate that single point mutations in the
conserved N-terminal FeS cluster of Elp3 are sufficient to cause
an elp3A growth phenotype, indicating that this motif is crucial
for Elongator function.

Purification of WT and Point-mutated Elongator—To inves-
tigate the effect of the Elp3 mutations on the activity of Elonga-
tor in vitro, we attempted to purify point-mutated Elongator to
homogeneity. Previously a two-step protocol for purification of
the WT complex via a HisHA tag at the C terminus of the Elp1
subunit was described (25). After tagging Elpl with HisHA in
elp3A cells expressing WT Elp3 from a CEN plasmid, we used
the phenotypic assays described above to confirm that the cells
had normal Elongator function (data not shown). As expected,
expression of the Elp3 C108A point mutant in place of WT gave
rise to an elp3A phenotype (data not shown). Elongator was
then purified from 100-liter cultures of these strains as outlined
in Fig. 2A (left panel), and the ensuing protein fractions were
analyzed by SDS-PAGE (right panel). Purification from cells
expressing the C108 A mutant complex was unsuccessful with
Elp1 and contaminants comprising the majority of the resultant
protein. Even upon extended silver staining, bands represent-
ing Elp2 and Elp3 failed to become visible (Fig. 24, right panel
(upper)). Moreover little or no Elp3 was detected by Western
blotting (Fig. 2A, right panel (lower)). Bands corresponding to
Elp4, Elp5, or Elp6 (comprising the smaller Elongator subcom-
plex) also failed to appear upon silver staining of the mutant
complex (Fig. 24, right panel (upper)), although some partly
degraded Elp5 protein was detected by Western blot (Fig. 24,
right panel (lower)). The proteins contaminating the purifica-
tions seemed to differ between successive preparations and
were not pursued further.

It was evident from these and several other similar experi-
ments that it was not possible to purify the point mutants using
the procedure developed previously for WT Elongator (25).
One possible explanation for these observations was that
although Elp3 expression and stability was largely unaffected by
the introduced point mutations (Fig. 1B) they might have an
effect on complex assembly and/or stability. More specifically,
we hypothesized that point-mutated Elp3 was either unable to
form a complex with the remaining Elongator subunits or that
the subunit interactions in the complex were altered, resulting
in a complex that dissociated and/or became degraded during
purification.

Co-immunoprecipitation of Elongator Subunits from Cells
Expressing WT and Point-mutated Elp3—To address the ques-
tion of whether holo-Elongator could be assembled with a
point-mutated Elp3 subunit, we attempted to immunoprecipi-
tate the complex directly from whole cell extract using the sin-
gle HA affinity tag at the C terminus of Elp1l. However, insuffi-
cient amounts of Elongator were precipitated using this
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FIGURE 2. Comparison of purified Elongator from Elp1-HisHA elp3A
cells expressing WT or point-mutated Elp3. A, silver-stained SDS-PAGE
gel (upper right panel) and Western blot (lower right panel) of WT or Elp3
C108A mutant Elongator purified according to the previously published
(25) protocol outlined on the left. Stars indicate degradation products of
Elp1 (determined by Western blotting against the HA tag). WCE, whole cell
extract; 12CA5, anti-HA. B, test of a Myc, 4 tag for purification of Elongator.
Extracts from untagged (No tag) or Myc,s-tagged Elp1 (Elp1-Myc) cells
were immunoprecipitated with 9E10 (anti-Myc) antibody, and bound pro-
teins were eluted and analyzed by immunoblotting for Myc (top panel),
Elp3 (middle panel), and Elp5 (bottom panel). In, input; FT, flow-through; W,
wash; IP, immunoprecipitate. C, comparison of anti-Myc immunoprecipi-
tates from cells expressing WT or Elp3 C108A mutant Elongator as
described in B.
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approach (data not shown). Therefore, CEN plasmids express-
ing WT or C108A Elp3 were transformed into an e/p3A strain in
which we had tagged Elpl with 18 Myc epitopes (27). 9E10
(anti-Myc) immunoprecipitation was then performed. Fig. 2B
shows the results for a strain expressing WT Elp3 and untagged
(“No tag”) or tagged (Elp1-Myc) Elp1, respectively. As expected,
in the absence of a tag on Elpl, neither Elp3 nor Elp5 were
removed from the flow-through relative to the input. Thus,
under these experimental conditions, there was little or no non-
specific binding of Elongator to the 9E10 beads. In contrast, the
Myc, ¢ tag on Elpl resulted in substantial co-depletion of Elp3
and Elp5 from the flow-through and a clear concentration of all
three subunits in the immunoprecipitated material, indicating
that the complex was intact. More importantly, the results for
C108A Elp3 looked similar (Fig. 2C). Together these results
suggest that holo-Elongator is indeed assembled in both the
WT and mutant strains but that the mutant complex dissoci-
ates during the multistep purification procedure. Similar
results were obtained with C118A and C121A Elongator com-
plexes (data not shown).

Design and Use of a New Purification Protocol for Elongator—
The results presented above support the idea that point muta-
tions in the N-terminal motif of Elp3 cause a decrease in stabil-
ity of the Elongator complex. The integrity of FeS clusters is
generally very sensitive to oxidation, and therefore it is not sur-
prising that mutations predicted to disrupt this domain may
affect the structural integrity of Elp3 and consequently the
Elongator complex as a whole.

An important aim of our studies was to investigate the pos-
sibility that Elongator is a histone demethylase as suggested
previously based on sequence homology to radical AdoMet
enzymes (23). However, experiments performed with purified
Elongator failed to uncover proof for such an activity. Likewise
despite repeated attempts, we also failed to find any evidence
for an ability of Elongator to bind AdoMet (see “Discussion”).
We surmised that these failures might possibly be due to rapid
inactivation of the FeS cluster (for example, by oxidation) dur-
ing Elongator purification. Therefore, key aims of a new purifi-
cation protocol were to increase the speed of the procedure and
minimize the number of freeze-thaw cycles, the salt concentra-
tion, and the oxidative pressure.

To this end, a new Elp1 C-terminal multiple epitope tag was
designed (Fig. 34). Given the success of the 9E10 immunopre-
cipitation experiment wherein Elongator was both quickly and
effectively isolated at low salt concentration, we again utilized a
Myc,, tag. To facilitate efficient elution from the antibody
resin, tandem recognition sites for TEV protease were incorpo-
rated between the Myc sequences and a Hisg affinity tagat the C
terminus of the protein (termed MycHis tag). The His tag was
inserted to enable further purification and concentration of
Elongator after TEV protease-mediated release from the 9E10
resin. Phenotypic analysis of an Elpl-MycHis/elp3A strain
expressing WT Elp3 from a CEN plasmid confirmed that the
tag did not affect Elongator function or expression (data not
shown).

An outline of the purification protocol developed to rapidly
isolate Elongator under non-stringent conditions is shown in
Fig. 3C (left panel; see “Experimental Procedures” for details).
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FIGURE 3. Development and testing of an optimized tag for purifica-
tion of Elongator. A, outline of an optimized tag fused to the C terminus
of Elp1. 8xHis, eight histidines; Strep, strep tag (not used); 2xTEV, two
tobacco etch virus protease recognition sites; 18xMyc, 18 Myc tags.
B, immunoblot analysis to detect Elp1, Elp3, and Elp5 in crude extracts
from wild type and mutant strains. Please note that the Elp1 protein pat-
tern varies between experiments in a manner that is poorly understood
(35). In this particular case, two Elp1 bands are observed. C, silver-stained
SDS-PAGE gel of wild type Elongator (left lane) or Elp3 mutant Elongator
complexes (right lanes) purified according to the protocol outlined on the
left. The smaller Elp1 band is a degradation product (determined by West-
ern blotting against the Myc tag). The asterisks below Elp6 denote His-
tagged TEV protease used in the purification. TEV protease has no effect
on Elongator activity in any of the assays we used (data not shown). WCE,
whole cell extract; 910, anti-Myc.

Elongator

This procedure enabled purification of Elongator to virtual
homogeneity in less than 4 h from the time of cell disruption.
To reduce oxidation, all buffers were extensively degassed prior
to use. A direct comparison of the purified Elongator com-
plexes isolated by this procedure can be seen in Fig. 3C (right
panel). Several observations could be made. The level of con-
taminating impurities was consistently much lower than
observed with the previously used procedure. In our experi-
ence, the new tag (which we have now used on numerous other
yeast proteins) also dramatically improves on the results
achieved with the traditional tandem affinity purification tag
(28). Strikingly, however, despite the speed of purification and
the mild washing procedures, mutations in the conserved cys-
teine residues of the FeS cluster still had a significant effect on
Elongator integrity. Although the Elp1 protein could be seen in
all samples, there was a pronounced loss of Elp2 and a clear
reduction in Elp3, Elp4, Elp5, and Elpé6 levels (relative to Elp1) in
the mutant complexes. In addition, the relative intensity of the
Elpl bands indicates that more Elpl was proteolyzed in the
mutant complexes. These observations were confirmed by
Western blotting (data not shown and see below) and were not
due to differences in expression or stability of Elpl, Elp3, or
Elp5 in the mutant cells (Fig. 3B).

In Vitro Activity of WT and Mutant Elongator Complexes—
Having optimized the purification protocol, we repeated our
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investigations into the putative histone demethylase or
AdoMet binding activities of wild type Elongator. Again despite
repeated attempts in a variety of assays, we failed to uncover any
evidence for such activities (data not shown; see “Discussion”
and supplemental figures).

Next the HAT activity of Elongator complex containing
either WT or point-mutated Elp3 was assayed as described pre-
viously (4) (Fig. 44). Unfortunately because of the loss of sub-
units from the mutant complexes (see Fig. 3C), it was not pos-
sible to achieve the same Elongator concentration for the
comparison. Of particular relevance, the Elp3 concentration
was lower in the mutant complex than in WT. Nevertheless
bands corresponding to acetylation of H3 were visible when
histones were incubated with the mutant complex in the pres-
ence of radioactively labeled acetyl-CoA (Fig. 44, upper panel,
lanes 3 and 4), indicating that a fully functional FeS cluster is
not absolutely required for the HAT activity of Elongator.

Elongator binds RNA both in vitro and in vivo (8). Because
FeS clusters in some proteins have been implicated in nucleic
acid binding (29), we hypothesized that the C108A mutant
Elongator complex might exhibit defects in RNA binding. To
investigate this possibility, an end-labeled RNA probe was pre-
pared and used to perform electrophoretic mobility shift assays
with WT and mutant Elongator complexes (Fig. 4B). With
increasing concentration of WT Elongator, the amount of free
RNA decreased, and there was a corresponding increase in
slower migrating species that merged together into a smear
as reported previously (8). With the less concentrated
mutant sample, a similar although less pronounced pattern
was observed, indicating that mutation of the FeS cluster
does not significantly disrupt the RNA binding activity of
Elongator in vitro.

To investigate the effect of the point mutations on the ability
of Elongator to bind RNA in vivo, a series of RNA immunopre-
cipitation experiments were performed. RNA immunoprecipi-
tation has been used previously to show the association of Elon-
gator with GALI mRNA in vivo (8). This gene was therefore
chosen as a convenient means to study the effect of point muta-
tions in the FeS cluster. Elp1-Myc, s/elp3A cells expressing WT
or mutant Elp3 were grown in galactose, and following cross-
linking with formaldehyde, RNA was immunoprecipitated and
quantitated as described previously (8, 30). As expected from
previous results (31), there was little co-immunoprecipitation
of GALI mRNA in the absence of Elp3 (elp3A) compared with a
WT strain (Fig. 4C). Significantly the C108A point mutant
showed only a slight decrease in RNA immunoprecipitation
efficiency within the error of the experiment. As expected, the
C103A mutant, which does not have an elp3A phenotype (Fig.
1, B and C), exhibited wild type RNA binding activity. Overall
these findings correlate well with the in vitro experiments and
indicate that the RNA binding properties of the Elongator com-
plex are not significantly affected by mutations in the FeS clus-
ter motif of Elp3.

Purification of Elongator from Soluble and Chromatin-en-
riched Fractions—Elongator was originally discovered through
its association with elongating, chromatin-associated RNAPII
(1). However, a more recent purification of tandem affinity
purification-tagged Elongator (from the soluble, or chromatin-
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FIGURE 4. HAT and RNA binding activity of wild type and C108A mutant
Elongator. A, HAT assays with either WT (lane 1) or Elp3 C108A mutant Elon-
gator (lanes 3 and 4). A negative control reaction lacking histones is shown in
lane 2. The upper panel shows an autoradiograph of histone bands, and the
lower panel shows Coomassie-stained histone bands from the same reaction.
B, in vitro RNA binding assays using increasing amounts (0.75, 1.5, 3, and 6 ul)
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free, fraction) failed to find evidence of an Elongator-RNAPII
interaction (32). Other proteins have also been implicated in
Elongator function, such as the chromatin-associated Ktil2
protein, which can be co-immunoprecipitated with Elongator
but is not a stable component of the complex (21), and Ktill,
which itself contains a sulfur cluster (proposed to bind zinc)
(33). Both kti11 and kti12 cells share several phenotypes with
Elongator mutants (17, 18, 22). We investigated the interac-
tions of Elongator with these factors in more detail using our
new, milder purification procedure (Fig. 5). Strikingly both Ktil1
and Ktil2 were detected in highly purified Elongator fractions
using this protocol. The proteins were not present in fractions
prepared using the traditional HAHis procedure (Fig. 54, compare
lanes 1 and 2) or in a control preparation from untagged cells
(compare lanes 5 and 6), showing that the interaction was specific.
Perhaps more interestingly, whereas the Y540A mutation did not
affect the interaction between Elongator and Ktill and Kti12, nei-
ther of these proteins co-purified with the C108 A mutant (Fig. 54,
compare lanes 3 and 4 with [ane 2). This indicates that the integrity
of the FeS cluster is required for the interaction of Elongator with
these accessory factors.

We also purified Elongator from chromatin-enriched Elpl-
MycHis extracts to test its binding to RNAPII (Fig. 5B). To again
ensure that the purification of Elongator and associated proteins
was specific, a control purification using chromatin from untagged
control cells was performed. The largest subunit of RNAPII, Rpb1,
was found to be associated with Elongator isolated from the chro-
matin-enriched extract (Fig. 5B, lanes 3 and 5) but not the soluble
extract (Fig. 5B, lane 2). As expected, Rpbl was absent from the
control purification using the untagged strain (Fig. 5B, compare
lanes 4 and 5), showing that the interaction was specific. Ktil2 was
found to be associated with Elongator isolated from both the chro-
matin-enriched and soluble extracts, but interestingly Ktill was
only found to be associated with the complex isolated from soluble
extract (Fig. 5B, compare lanes 2 and 3). Moreover whereas the FeS
cluster mutation disrupted binding to Ktil1 and Kti12 (Fig. 54), it
did not perturb the interaction of Elongator with RNAPII in chro-
matin (Fig. 5C). Together these results further support the idea
that Elongator has disparate functions requiring interactions with
multiple different factors in different cellular compartments and
that some, but not all, of these interactions are dependent on an
intact FeS cluster.

DISCUSSION

Elucidating the precise cellular functions of Elongator is
proving difficult. One outstanding question has been the role, if
any, of a putative FeS cluster motif in the Elp3 subunit, which
had been proposed to signify a new catalytic function, distinct
from the HAT activity, such as histone demethylation (23). The

of WT (lanes 2-5) or Elp3 C108A mutant (lanes 6 -9) Elongator from Fig. 3Band
aradioactively labeled, random sequence RNA oligonucleotide (8). A reaction
lacking Elongator is shown in lane 1 to indicate migration of free RNA. C, RNA
immunoprecipitation experiment using a-Myc antibodies to immunopre-
cipitate Elongator from strains expressing WT or point-mutated (C103A and
C108A) Elp3. The relative amount of GALT mRNA cross-linked to Elongator in
each extract was determined by quantitative PCR after reverse transcription.
The signal from an untagged control strain was set to 1, and other values were
expressed relative to that. The average of four independent experiments is
shown. Error bars indicate S.D.
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FIGURE 5. Wild type and mutant Elongator complexes have different
interaction profiles. A, proteins co-purifying with HisHA-tagged Elp1
(lane 1) or MycHis-tagged Elp1 (lanes 2-4 and 6) in strains expressing WT
(lanes 1, 2, and 6) or mutant (Y540A and C108A; lanes 3 and 4) Elp3. Elp3,
Elp4, Kti12, and Kti11 proteins were detected by immunoblotting. Immu-
nopurified material from an extract derived from an untagged strain is
shown in lane 5 as a negative control. B, proteins co-purifying with HisHA-
tagged Elp1 (lane 1) or MycHis-tagged Elp1 (lanes 2, 3, and 5) from soluble
(Sol.; lanes 1 and 2) or chromatin-enriched (Chrom.; lanes 3-5) extracts.
Rpb1, Elp3, Elp5, Kti12, and Kti11 proteins were detected by immunoblot-
ting. Immunoprecipitated material from chromatin-enriched extract of an
untagged strain is shown in lane 4 as a negative control. C, Elp3 C108A
mutation does not disrupt Elongator/Rpb1 interaction in chromatin. Rpb1
and Elp5 proteins were detected by immunoblotting in purified Elongator
fractions from the chromatin fraction of strains expressing WT or C108A
Elp3.
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domain was recently shown to bind iron in the archaeal Elp3
protein (24), but no studies have addressed its role in
eukaryotes or, more importantly, in the context of the Elonga-
tor complex. Here we investigated the functionality of this
motif by a combination of genetic and biochemical approaches.
The most important findings we report are the following. First,
the FeS cluster is essential for normal Elongator function. Point
mutations in the cluster resulted in phenotypes that are indis-
tinguishable from those of the complete ELP3 gene deletion.
Second, the cluster is important for the structural integrity of
Elongator as well as for its interactions with accessory factors
Ktill and Ktil2. However, the interaction with RNAPII in
chromatin was not dramatically affected. Finally we report the
development of a novel epitope tag and purification procedure
that make it possible to virtually deplete a tagged protein from a
crude yeast extract and then release pure protein for biochem-
ical characterization. This procedure is much more reproduci-
ble and gives much higher yields than others we have tested.

What is the role of the Elp3 iron-binding module? Our data
represent an argument for the idea that the eukaryotic FeS clus-
ter is not a catalytic component of Elp3 (although we cannot
completely rule this possibility out) but rather a structural motif
required for the integrity of the Elongator complex. Numerous
lines of evidence support this hypothesis. First, despite several
attempts, no evidence for histone demethylation activity was
obtained (see below). Second, purification of Elongator com-
plexes containing point mutations predicted to disrupt the
cluster was only possible using the novel highly efficient and
rapid purification protocol, so the mutations resulted in signif-
icantreduction in the structural integrity of Elongator. Further-
more the mutations disrupted interactions between Elongator
and the Ktill and Kti12 proteins. Finally the mutant complexes
retained HAT and RNA binding activity. We thus propose that
the FeS cluster is important for the stability of Elongator and its
interactions with certain accessory proteins. It is perhaps sur-
prising, therefore, that point-mutated Elongator complexes can
be purified at all. However, mutation of conserved cysteines in
archaeal Elp3 demonstrated that loss of one residue destabi-
lized the FeS cluster but did not prevent its formation (24),
whereas loss of multiple residues completely abrogated iron
binding. This synergism would explain our ability to purify at
least some intact FeS cluster mutant complexes when using a
protocol optimized to prevent oxidation events.

As the starting point for this study, we set out to investigate
the possibility that the FeS cluster might be important for Elp3-
mediated histone demethylation as suggested by Chinenov
(23). However, despite conducting comprehensive analyses
using diverse assays, we failed to uncover evidence to support
this idea. Elongator was also purified in an oxygen-free tent
using the improved protocol to prevent oxidation of the FeS
cluster. Large amounts of this protein exhibited no significant
histone demethylation activity in various in vitro reactions
where demethylation was assayed using antibodies against a
variety of modified histones or by formaldehyde production (a
predicted by-product of catalysis (23)) (supplemental Fig. S2).
Furthermore bulk histone methylation (measured by quantita-
tive Western blotting) and levels of histone methylation at spe-
cific genomic locations (measured by chromatin immunopre-
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cipitation) were largely unaffected in elp strains (supplemental
Fig. S3).

ELP genes are required for formation of the modified nucleo-
sides mcm®°U, mem®s?U, and ncm®U at the wobble position of
certain tRNA species, although a direct role for Elongator in
this process has not been demonstrated (13, 14). In addition to
the FeS cluster, Elp3 also contains a region homologous to the
catalytic domain of proteins belonging to the AdoMet radical
family (23). In enzymes of this family, a reduced form of the FeS
cluster can donate an electron to AdoMet, generating methio-
nine and a 5’-deoxyadenosyl radical. Such a reaction mecha-
nism could theoretically be involved in the formation of cm®U
in tRNA molecules, but currently this idea cannot be tested
because we and others have been unable to develop an in vitro
assay for this reaction. The AdoMet binding motif, comprised
of a glycine-rich region near the FeS cluster (23), is apparently
functional in archaeal Elp3 (24). However, despite repeated
attempts, we have been unable to detect binding of yeast Elp3 to
AdoMet (supplemental Fig. S4). Mutation of the Gly-181 resi-
due within this domain to alanine had no phenotypic defect
that we could detect, but mutation to serine resulted in essen-
tially the same phenotypes and lack of structural integrity that
were also observed with the FeS cluster mutants (data not
shown). Clearly more work needs to be carried out to determine
whether Elongator functions directly in tRNA modification and
whether the conserved N-terminal motifs are required for this
reaction. The available evidence, including that presented here,
suggests that, like the FeS cluster, the glycine-rich domain
might be required for structural purposes and that its similarity
to AdoMet-binding domains could simply be an evolutionary
relic. In this respect, it is important to note that no proteins with
sequence homology to other Elongator subunits have been
found in Archaea, suggesting that the evolution of this complex
might have involved a loss of catalytic activity concurrent with
a gain in complexity (i.e. subunit composition). However, fur-
ther studies of the archaeal proteins are warranted to elucidate
the function of Elp3-mediated AdoMet cleavage (if any), which
may shed more light on this issue. It is also important to stress
that although our data propose an alternative function as a
structural domain the possibility that the FeS motif also plays a
catalytic role cannot be completely ruled out based on negative
results alone.

One intriguing possibility is that the FeS cluster is somehow
involved in sensing the oxidative state of cells and then signal-
ing this state to basic cellular reactions such as transcription
and tRNA modification. In this respect, it is interesting to note
that Elongator interacts with the Ktill protein only in the sol-
uble, DNA-free fraction (which includes the cytoplasm) and
that this interaction requires the integrity of the FeS cluster,
whereas the interaction with RNAPII in chromatin does not. In
fact, the C108A mutant Elongator complex appeared to inter-
act better with RNAPII than did wild type Elongator (Fig. 5C)
and even exhibited weak binding to RNAPII in the soluble,
chromatin-free fraction (data not shown). Addressing the idea
that the FeS motif regulates protein interactions in response to
changes in the oxidative state is an important future goal.

The present study further supports the idea that Elongator
functions within the context of chromatin. We confirmed its
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association with RNAPII, and as expected, this interaction was
only detectable in chromatin-enriched yeast extracts. This
likely explains why earlier studies failed to uncover an interac-
tion between these complexes (34). Furthermore the significant
amount of Elongator purified from chromatin compared with
soluble fractions highlights its role in DNA-related processes.
Future studies of Elongator should focus on possible cross-talk
between the cytoplasmic (i.e. tRNA modification) and nuclear
(i.e. transcription and histone acetylation) functions of Elonga-
tor and how this might be regulated.

REFERENCES

1. Otero, G., Fellows, ., Li, Y., de Bizemont, T, Dirac, A. M. G., Gustafsson,
C. M., Erdjument-Bromage, H., Tempst, P., and Svejstrup, J. Q. (1999)
Mol. Cell 3,109-118

2. Wittschieben, B. O., Otero, G., de Bizemont, T., Fellows, J., Erdjument-
Bromage, H., Ohba, R,, Li, Y., Allis, C. D., Tempst, P., and Svejstrup, J. Q.
(1999) Mol. Cell 4, 123-128

3. Wittschieben, B. O., Fellows, J., Du, W., Stillman, D. ], and Svejstrup, J. Q.
(2000) EMBO J. 19, 30603068

4. Winkler, G. S., Kristjuhan, A., Erdjument-Bromage, H., Tempst, P., and
Svejstrup, J. Q. (2002) Proc. Natl. Acad. Sci. U. S. A. 99, 3517-3522

5. Hawkes, N. A., Otero, G., Winkler, G. S., Marshall, N., Dahmus, M. E.,
Krappmann, D., Scheidereit, C., Thomas, C. L., Schiavo, G., Erdjument-
Bromage, H., Tempst, P., and Svejstrup, J. Q. (2002) J. Biol. Chem. 277,
3047-3052

6. Kim, J. H,, Lane, W. S., and Reinberg, D. (2002) Proc. Natl. Acad. Sci.
U S A.99,1241-1246

7. Kristjuhan, A., Walker, J., Suka, N., Grunstein, M., Roberts, D., Cairns,
B. R, and Svejstrup, J. Q. (2002) Mol. Cell 10, 925-933

8. Gilbert, C., Kristjuhan, A., Winkler, G. S., and Svejstrup, J. Q. (2004) Mol.
Cell 14, 457—464

9. Kouskouti, A., and Talianidis, I. (2005) EMBO J. 24, 347-357

10. Close, P., Hawkes, N., Cornez, L., Creppe, C., Lambert, C. A., Rogister, B.,
Siebenlist, U., Merville, M. P, Slaugenhaupt, S. A., Bours, V., Svejstrup,
J. Q., and Chariot, A. (2006) Mol. Cell 22, 521-531

11. Metivier, R., Penot, G., Hubner, M. R,, Reid, G., Brand, H., Kos, M., and
Gannon, F. (2003) Cell 115, 751-763

12. Holmberg, C., Katz, S., Lerdrup, M., Herdegen, T, Jaattela, M., Aronheim,
A., and Kallunki, T. (2002) /. Biol. Chem. 277, 31918 -31928

13. Esberg, A., Huang, B., Johansson, M. ]., and Bystrom, A. S. (2006) Mol. Cell
24, 139-148

14. Huang, B., Johansson, M. J., and Bystrom, A. S. (2005) RNA 11, 424 —436

15. Svejstrup, J. Q. (2007) Curr. Opin. Cell Biol. 19, 331-336

16. Jablonowski, D., Frohloff, F., Fichtner, L., Stark, M. J., and Schaffrath, R.
(2001) Mol. Microbiol. 42, 1095-1105

17. Fichtner, L., Frohloff, F., Burkner, K., Larsen, M., Breunig, K. D., and Schaf-
frath, R. (2002) Mol. Microbiol. 43, 783-791

18. Frohloff, F., Fichtner, L., Jablonowski, D., Breunig, K. D., and Schaffrath, R.
(2001) EMBO J. 20, 1993-2003

19. Kishida, M., Tokunaga, M., Katayose, Y., Yajima, H., Kawamura-Watabe,
A., and Hishinuma, F. (1996) Biosci. Biotechnol. Biochem. 60, 798 —801

20. Butler, A. R,, Porter, M., and Stark, M. J. (1991) Yeast 7, 617—625

21. Petrakis, T. G., Soegaard, T. M., Erdjument-Bromage, H., Tempst, P., and
Svejstrup, J. Q. (2005) J. Biol. Chem. 280, 19454 —19460

22. Fichtner, L., and Schaffrath, R. (2002) Mol. Microbiol. 44, 865— 875

23. Chinenov, Y. (2002) Trends Biochem. Sci. 27, 115-117

24. Paraskevopoulou, C., Fairhurst, S. A., Lowe, D. J., Brick, P., and Onesti, S.
(2006) Mol. Microbiol. 59, 795— 806

25. Winkler, G. S., Petrakis, T. G., Ethelberg, S., Tokunaga, M., Erdjument-
Bromage, H., Tempst, P., and Svejstrup, J. Q. (2001) /. Biol. Chem. 276,
32743-32749

26. Yajima, H., Tokunaga, M., Nakayama-Murayama, A., and Hishinuma, F.
(1997) Biosci. Biotechnol. Biochem. 61, 704-709

27. Zachariae, W., Shin, T. H., Galova, M., Obermaier, B., and Nasmyth, K.
(1996) Science 274, 1201-1204

VOLUME 284 -NUMBER 1-JANUARY 2, 2009


http://www.jbc.org/cgi/content/full/M805312200/DC1
http://www.jbc.org/cgi/content/full/M805312200/DC1

28.
29.
30.

31.

JANUARY 2, 2009-VOLUME 284+NUMBER 1

Rigaut, G., Shevchenko, A, Rutz, B., Wilm, M., Mann, M., and Seraphin, B.
(1999) Nat. Biotechnol. 17, 10301032

Thayer, M. M., Ahern, H., Xing, D., Cunningham, R. P, and Tainer, J. A.
(1995) EMBO J. 14, 4108 —4120

Gilbert, C., and Svejstrup, J. Q. (2006) in Current Protocols in Molecular
Biology, pp. 27.4.1-27.4.11, John Wiley and Sons, Inc., New York
Petrakis, T. G., Wittschieben, B. O., and Svejstrup, J. Q. (2004) /. Biol.
Chem. 279, 32087-32092

32.
33.

34.

35.

Function of the FeS Cluster in Elp3

Krogan, N. ], and Greenblatt, J. F. (2001) Mol. Cell. Biol. 21, 8203—8212
Sun, J., Zhang, J., Wu, F,, Xu, C, Li, S, Zhao, W., Wu, Z., Wy, J., Zhou,
C. Z., and Shi, Y. (2005) Biochemistry 44, 8801—8809

Krogan, N. J., Kim, M., Ahn, S. H., Zhong, G., Kobor, M. S., Cagney, G.,
Emili, A., Shilatifard, A., Buratowski, S., and Greenblatt, J. F. (2002) Mol.
Cell. Biol. 22, 6979 — 6992

Fichtner, L., Jablonowski, D., Schierhorn, A., Kitamoto, H. K., Stark, M. J.,
and Schaffrath, R. (2003) Mol. Microbiol. 49, 1297-1307

JOURNAL OF BIOLOGICAL CHEMISTRY 149



	An Iron-Sulfur Cluster Domain in Elp3 Important for the Structural Integrity of Elongator*
	EXPERIMENTAL PROCEDURES
	Yeast Strains and Plasmids
	Western Blotting and Antibodies
	Purification of Wild Type and Point-mutated ElongatorComplexes
	HAT Assays
	In Vitro and in Vivo RNA Binding Assays

	RESULTS
	A Functional Iron-Sulfur Cluster in the Yeast Elp3 Protein
	Purification of WT and Point-mutated Elongator
	Co-immunoprecipitation of Elongator Subunits from CellsExpressing WT and Point-mutated Elp3
	Design and Use of a New Purification Protocol for Elongator
	In Vitro Activity of WT and Mutant Elongator Complexes
	Purification of Elongator from Soluble and Chromatin-enrichedFractions

	DISCUSSION
	REFERENCES


