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ABSTRACT

The EKC/KEOPS complex is universally conserved
in Archaea and Eukarya and has been implicated in
several cellular processes, including transcription,
telomere homeostasis and genomic instability.
However, the molecular function of the complex
has remained elusive so far. We analyzed the tran-
scriptome of EKC/KEOPS mutants and observed a
specific profile that is highly enriched in targets of
the Gcndp transcriptional activator. GCN4 expres-
sion was found to be activated at the translational
level in mutants via the defective recognition of
the inhibitory upstream ORFs (UORFs) present in
its leader. We show that EKC/KEOPS mutants are
defective for the NG6-threonylcarbamoyl adeno-
sine modification at position 37 (t°A;;) of tRNAs
decoding ANN codons, which affects initiation
at the inhibitory uORFs and provokes Gcn4 de-
repression. Structural modeling reveals similarities
between Kaeil and bacterial enzymes involved in
carbamoylation reactions analogous to t°As; forma-
tion, supporting a direct role for the EKC in tRNA

modification. These findings are further supported
by strong genetic interactions of EKC mutants with
a translation initiation factor and with threonine bio-
synthesis genes. Overall, our data provide a novel
twist to understanding the primary function of the
EKC/KEOPS and its impact on several essential
cellular functions like transcription and telomere
homeostasis.

INTRODUCTION

Subunits of the Endopeptidase-like Kinase Chromatin
(EKC)-associated complex [also called Kinase putative
Endopeptidase and Other Proteins of Small size
(KEOPS)] were first identified by genetic analyses (1,2).
We isolated Pcclp, a protein of small size with no pre-
dicted functional domains in a search for suppressors of a
splicing defect and later demonstrated that its function is
not related to splicing (2). Additional genetic, biochemical
and cell biology experiments led to the definition of a five
subunits complex (Pcclp, Pec2p/Gon7p, Cgil21p, Bud32p
and Kaelp) the integrity of which is required for normal
induction of pheromone- and galactose-responsive genes.
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Components of the EKC/KEOPS have been found to as-
sociate with transcribed chromatin and the biochemical
defect in transcription activation of GAL genes was
mapped to the recruitment of transcriptional co-activators
(2). A parallel genome-wide screen led to the identification
of the c¢gi/2] null mutant as a suppressor of the
telomere-capping defect of cdcl3-1 cells. Deletion of
CGI121 or other EKC/KEOPS subunits suppresses telo-
meres resection and single strand DNA production due to
defective protection by the capping complex (1). All the
tested EKC/KEOPS mutants have short telomeres in an
otherwise wild-type context, an observation seemingly at
odds with the telomere protective effect in the context of
telomeres capping deficiencies. The molecular mechanism
linking the involvement of the complex in transcription
and telomere maintenance is unclear but it has been sug-
gested to be related to effects on chromatin structure (1,2).
Finally, DNA instability has also been associated with
mutation of EKC/KEOPS components and the bacterial
counterparts of Kaelp [our unpublished data; (3)]

Of the five subunits, the only ones containing predicted
functional domains are Kaelp and Bud32p. Kaelp was
originally proposed to be a candidate endopeptidase,
based on sequence similarities with bacterial zinc-depe-
ndent metalloproteases of the M22 family (4). However,
such a function could never be demonstrated and it does
not appear to be compatible with the structure of Kaelp
homologues from Archae and Eukaryotes (5-7).
Structural studies (5,7) have revealed the existence of
an actin-like ATPase domain and a metal (iron) binding
site. It has been shown that archaeal PaKael has DNA
binding capabilities and apurinic site endonuclease
activities (7).

Bud32p is an atypical kinase that lacks some of the ca-
nonical domains required for substrate recognition (5,6).
In vitro phosphorylation assays have demonstrated that
this protein is a functional kinase that is also responsible
for its autophosphorylation (8). It has been suggested that
the association of Kaelp with Bud32p inhibits the phos-
phorylation activity of the latter (6).

One of the most striking features of EKC/KEOPS is its
conservation and Kaelp belongs to the category of uni-
versal protein families (9). With the exception of Pcc2p/
Gon7p that is restricted to Fungi, the whole complex is
conserved in Archaea and Eukarya (2). With roughly 60%
identity from Saccharomyces cerevisiae to man, Kaelp is
the most conserved subunit and is also the most ancient
member of the complex, with clear homologues (YgjD)
present in Bacteria (3). Widespread conservation is
however at odd with a primary function that would be
limited to features restricted to eukaryotes, such as telo-
mere maintenance or the establishment of specific chro-
matin structures. Therefore, in spite of the large number of
phenotypes described for the mutants of the EKC/KEOPS
complex, the molecular function of this set of proteins
remains elusive. To address this important question we
undertook genetic and transcriptome analyses of EKC/
KEOPS mutants. We describe unexpected links to trans-
lation and tRNA metabolism as well as a specific
transcriptome profile characterized by the inappropriate
expression of amino acid biosynthesis genes. These
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phenotypes are causally linked by the translational mis-
regulation of GCN4, encoding the transcriptional activa-
tor responsible for regulation of most amino acid
biosynthesis genes. Phylogenetic and biochemical analyses
strongly suggest a direct role of the EKC/KEOPS complex
in N6-threonylcarbamoyl adenosine modification at pos-
ition 37 (t°As) of the anticodon stem-loop of all tRNAs
decoding ANN codons. We show that the molecular
mechanism underlying the translational defects relates to
defective t°As; formation, which affects the codon—anti-
codon interaction at the first AUG codon. The universal-
ity of this modification fits the evolutionary conservation
of Kaelp, providing a novel twist to understanding
the impact of this important set of proteins on several
essential cellular functions.

MATERIAL AND METHODS
Manipulation of yeast strains and genetic screens

All the strains used in this study are listed in
Supplementary Table S1. Genetic crossing and analysis
were performed with standard methods. The synthetic
lethal screen with the pccl-4 mutant was based on a col-
orimetric assay to detect the ability of double mutant cells
to grow in the absence of a wild-type copy of PCCI.
Briefly, an ade84, ade2-1 W303 strain containing an
integrated pccl-4 allele was transformed with a centromer-
ic plasmid containing a wild-type copy of PCCI, ADES
and the URA3 markers (pCM188-PCCI-ADES). This
strain is red because of the accumulation of a pigment in
ade2-1/ADES cells. Random loss of the plasmid leads to
the appearance of white sectors (the phenotype of ade2-1/
ade8 A cells). Cells were UV-mutagenized to 10% viability
and mutants that failed to lose the plasmid (i.e. that were
unable to live without a wt copy of PCCI) were retained
for further analysis. The #if5-K55E mutation was isolated
with standard genetic methods. Genomewide genetic inter-
action mapping (GIM) was performed as described (10).

Microarray experiments

Expression-profiling of mutant strains was performed
using two-channel, long oligomer arrays as previously
described (11). In brief, each strain was cultured twice
and amplified, labeled cRNA was hybridized twice in
dye-swap replicate against a single common reference wt
cRNA, yiclding a total of four estimates of changes in
gene expression for each strain versus wt. Normalization
was performed using print-tip Loess followed by dye-bias
correction as described (11). Statistical analysis was per-
formed by LIMMA (12) versus a collection of wt profiles
hybridized versus the same common reference. A gene was
regarded as significantly changed if the P-value was <0.01
and the fold-change >1.5. Microarray data have been
submitted to the ArrayExpress database (http://www.ebi
.ac.uk/microarray) under accession number E-TABM-
1070 (username Reviewer E-TABM-1070, password
1283942451014)
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Polysome profile analysis

Polysomes extracts were prepared and analyzed by sedi-
mentation in 10-50% sucrose gradients as previously
described (13). Gradients were fractionated with an
ISCO gradient fractionator and the absorbance profiles
at 254 nm were monitored within an ISCO UA-5 absorb-
ance monitor. Cellular extract for ribosomal subunit
quantification were prepared and analyzed on low-Mg" "
sucrose gradients as described (14).

B-Galactosidase assays with Gen4-LacZ reporters

Wild-type or mutant strains containing the reporter plas-
mids p180, p227 or p4164 (kind gift of A. G. Hinnebusch)
were grown at 30°C in CSM-Ura to ODgqg 0.3-0.6. Cells
pellets were resuspended in 500 pl of buffer Z (100 mM
HNaPO,, pH 7.2; 10mM KCI; 1mM MgSO4; 50 mM
B-mercaptoethanol) and permeabilized by the addition
of 200l of ether. After ether evaporation, 100pul of
ONPG (4mg/ml in buffer Z) was added and the reaction
incubated at 30°C until the development of a yellow color.
The reaction was stopped by the addition of 250 ul of 1M
Na,CO;3 and the ODyj( of the supernatants was measured.
B-Galactosidase activity was expressed in arbitrary units
(similar to Miller units) as follow: activity = 1000 x OD ;g
/ [ODgoo of cultured sample x volume of cultured sample
(ml) x reaction time (s)].

t°A analysis

Bulk tRNA was prepared, hydrolyzed, and analyzed by
liquid chromatography-tandem mass spectrometry (LC—
MS-MS) as described in (15). Levels of t°A were
measured by integrating the peak area from the extraction
ion chromatograms. The ratios of W-modified base/m'G
was used to normalize for tRNA concentration across
samples. Levels for mutant strains were expressed rela-
tively to wild-type levels. The MS-MS fragmentation
data were also used to confirm the presence of t°A.

RESULTS
Genetic interactions of EKC/KEOPS mutants

To elucidate the molecular mechanism of action of the
complex we analyzed the genetic interaction profile of
kael and pccl EKC/KEOPS mutants. A genetic screen
for additional mutations preventing growth of thermo-
sensitive pccl-4 cells at permissive temperature resulted,
as expected, in the isolation of alleles of two other
subunits of the complex, Kaelp and Pcc2/Gon7. We
also isolated a mutant allele of the translation initiation
factor Tif5p/elF5, an essential GTPase activating protein
(GAP) (Figure 1A). This factor is required for stimulating
GTP hydrolysis by eIF2 in the 43S pre-initiation complex
(PIC) upon AUG codon—anticon base-pairing, thereby
allowing the transition from initiation to translation
elongation. By virtue of its physical interactions with
other translation factors, elF5 is also required for the for-
mation of the PIC and the selection of the starting AUG
codon [for recent reviews see (16,17)]. The sequence of the
mutated allele revealed that a single A to G change is

present in the coding sequence, leading to mutation of
Kss to E. Accordingly, we named this allele zif5-K55E.

To extend these results we performed a genomewide
genetic interaction mapping (GIM) (10). For better sensi-
tivity and specificity we used a hypomorphic PCCI allele
that contains a substitution of its terminator with a CYC/
terminator (unpublished data). To validate the results
obtained and to filter out false positives, the deletion
strains identified in the screen were individually crossed
to the EKC/KEOPS mutant kael-18 that is more
severely affected than PCCI-CYClter cells. Strong
negative genetic interaction leading to inviability at
30°C was observed for thrl and thr4 deletion mutants
(Figure 1B). Thrlp and Thrdp are the enzymes required
for the conversion of homoserine to threonine in the two
last steps of the biosynthesis of this amino acid. Genetic
interactions (although not leading to lethality) were also
confirmed with PUSI, required for pseudouridylation of
tRNAs and U2 snRNA, and, to a lesser extent, HOM?2,
involved in an earlier step of threonine biosynthesis
(Figure 1C) as well as TRM [ encoding the enzyme respon-
sible for N2,N2-dimethylguanosine modification in both
cytoplasmic and mitochondrial tRNAs (data not shown).

Together, these results suggested that the EKC/KEOPS
might be involved in translation and/or tRNA metabol-
ism. The stronger genetic interaction with genes involved
in threonine biosynthesis also suggests a specific relation-
ship between this pathway and the function of the
EKC/KEOPS (see below).

A peculiar transcriptome profile in EKC complex mutants

The unexpected results of the genetic screens prompted us
to perform transcriptome analysis of EKC/KEOPS
mutants. We expected that a transcriptome profile
similar to that of mutants altering known cellular func-
tions would reveal important aspects of the role of the
complex. Since most EKC null mutants are extremely
sick (2), we integrated less affected thermosensitive
mutants of Kaelp (kael-18), Pcclp (pccl-4) and Pcc2/
Gon7p (pcc2-tsl) in the BY4742 strain and analyzed the
transcriptome of these cells using DNA microarrays at the
semi-permissive temperature of 30°C (‘Methods’ section).
Isogenic hud32 and cgil2] null mutants from the yeast
deletion strain collection were also profiled. In several of
the independent isolates analyzed we noticed the presence
of whole chromosomal duplications, suggesting the occur-
rence of genomic instability in these mutants. Only
euploid isolates were considered for further analyses.
Since different isolates of bud32 null mutants, obtained
from different sources, all contained chromosomal dupli-
cations, we did not further pursue analysis of this mutant.

The EKC/KEOPS mutants show significant changes in
gene expression, with a total of 579 genes upregulated and
282 genes downregulated collectively in all single mutants
compared with wt (P <0.01, fold-change >1.5, Figure 2
and Supplementary Figure S1). As is often observed for
mutants derived from subunits of the same protein
complex (18), the profiles of the EKC/KEOPS mutants
are related to each other (Figure 2A). The kael-18 and
pccl-4 mutants show the strongest expression signature,
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A pecl-4::HIS3, tif5-KSSE {pCM188-PCCI(URA3)}

PFL39-TIF5 (TRP1)

vector (TRP1)
B THR4/thr4::KAN, — THR1/thr1::KAN,
KAE1/kae1-18::HIS KAE1/kae1-18::HIS
12345678 12345678
a a
b b
YPDA c c
d d
a a
YPDA-G418 2 2
d d
a a
CSM-His ¢ b
d d
C 30°C
wild-type [SNGIEEIE 34

CEIDEMO © © =
kae1-18, pusiA 4 :
TIQ® © @ « =

wild-type
kael-18

CSM-Trp

CSM-Ura CSM+5FOA

THR1/thr1::KAN, KAE1/kae1-18::HIS
{pFL38-KAE1 (URA3)}
1234567

1234567

Figure 1. Genetic interactions of EKC mutants. (A) Synthetic lethality of pccl-4 and 1if5-K5SE cells. Double pccl-4/tif5-K55E mutant is inviable
when a URA3 marked plasmid expression the wt PCC/ gene is cured by selection on 5-FOA plates (rightmost panel). (B) Dissection of kael-18/
KAEIL, thr4A/THR4 and kael-18/KAEI, thrlA/THR4 diploids reveals the inviability of kael-18/thriA and kael-18/thr4A spores. Both lethal pheno-
types can be saved by expression of wild-type KAE!I gene (shown for the kael-18/thrlA mutant in the rightmost set of panels). (C) Synthetic slow
growth phenotype of double kael-18/pusiA and kael-18/hom2A strains. Growth was for 2 days at the indicated temperature.

consisting of essentially the same set of mRNA expression
changes, with the pcc2 and cgil2] mutants affecting
a subset of the same genes, in most cases to a lower degree
(Figure 2 and Supplementary Figure S1). Strikingly, the
expression-profile signature of the EKC/KEOPS mutants
is highly enriched for upregulated genes involved in amino
acid biosynthesis (Gene Ontology biological process,
cellular amino acid biosynthetic process, enrichment
P =4x10"%, as well as related metabolic pathways
(Supplementary Table S2). Genes encoding enzymes
involved in most cellular amino acid biosynthesis pathways
are upregulated in the pccl-4 mutant (Supplementary
Figures S1 and S2). These results were independently con-
firmed by quantitative RT-PCR analysis using a subset of
the upregulated genes. Moreover, we showed that
upregulation was suppressed by expression of the corres-
ponding wt gene in mutant cells, demonstrating that the
expression profile is indeed a consequence of the EKC/
KEOPS mutations (data not shown). Surprisingly, such

a massive upregulation of amino acid biosynthesis genes
was not observed in the collection of over 1500 mutants
for which the transcriptome was analyzed during growth
in identical conditions (F.C.P.H., unpublished results),
indicating that the EKC/KEOPS mutant profiles are
highly specific, at least among the mutants analyzed.

To investigate how the genetic interactions revealed by
the genome-wide screen relate to the expression-signature
of EKC/KEOPS mutants, the thri, thr4, trml and pusl
null mutants were also expression-profiled. Interestingly,
the gene expression changes observed in thrl and thr4
mutants overlap highly significantly with pccl and kael
mutants (P ranges from 107" to 7x10™*"), and includes
genes involved in amino acid biosynthesis (Figure 2 and
Supplementary Figure S1). The expression-profile of trml
and pusl cells do not show a significant overlap with
EKC/KEOPS or thri/4 mutants (data not shown), sug-
gesting the existence of different mechanisms underlying
the observed genetic interactions.
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A

B kae1-18 vs. wt

p=3.25*10"

C p =6.82*10"
pcc1-4 up

thriA up thr4A up

* p=7.59"10"

kae1-18 up

thr1A up thrdA up

* gcn4 enrichment

p =1.35*10"

cgi121A

‘ kae1-18
‘ pccil-4
| pcc2-ts

pcc1-4 vs. wt

p=201*10"10

p=1.34*10"% p=0

pcc1-4up  pccl-4 up kae1-18 up

432

* p=3.80"10"

p =3.68*10"%
kae1-18
up thr1A up thrdA up

393

* p=3.96*10"

Figure 2. Transcriptome analysis of EKC mutants. (A) Heatmap of all 861genes with significant changes in gene expression (fold change >1.5,
P <0.01) in either ¢gil2IA, pccl-4, kael-18 and pcc2-ts. Each profile is the average of four measurements of mutant versus wt, with yellow indicating
upregulation, blue downregulation and black no change. Genes not depicted do not change in any mutant. See Supplementary Figure S1 for a
version annotated with gene names (B) Scatterplots of normalized intensities of gene expression of all genes in pccl-4 and kael-18 versus wild-type.
Gendp targets, derived from genome-wide Gendp chromatin immunoprecipitation (20) are colored red. P-values indicate significance of the Gendp
target enrichment by a hypergeometric test. (C) Venn diagrams of the upregulated genes of pccl-4, kael-18, thriA and thr4A. The significance of the
overlap and of Gcendp target enrichment (marked by asterisk) is shown above and in the Venn diagram, respectively.

Translation of the transcription activator Gen4 is
de-repressed in EKC mutants

Amino acid biosynthesis genes are generally activated in
conditions of amino acids starvation. We observed up-
regulation of these genes in EKC mutants despite
growth in the presence of normal levels of amino acids,
suggesting that integrity of the EKC is required for their

regulation. The transcriptional activator Gcendp is
involved in the activation of amino acid biosynthesis
genes [for a review see (19)] and its binding site targets
(20) are highly enriched in the EKC/KEOPS mutant
signature genes (P = 3.25x 107" and 2 x 107'°, respect-
ively, for kael and pccl mutants, Figure 2B) as well as in
the signature genes shared by EKC/KEOPS mutants and
thr1/4 mutants (P ranging from 4 x 107" to 2x 107"%)
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(Figure 2C). Overall, the most prominent feature of the
transcriptome profile shared by EKC/KEOPS and thri/4
mutants is the highly significant presence of genes
regulated by the transcriptional activator Gcendp
(Figure 2C). Consistent with the notion that upregulated
genes are Gcendp targets, genes upregulated in EKC/
KEOPS mutants are generally downregulated in a gecn4A
mutant (data not shown). We first surmised that mutation
of EKC/KEOPS might affect expression of Gendp at the
level of mRNA abundance by impacting transcription
and/or turnover of the GCN4 RNA. However, the levels
of this RNA were unaffected in mutants relative to the
wild-type, ruling out this simple hypothesis (data not
shown).

GCN4 is regulated at the translation level by the pres-
ence of four short ORFs (uORFsl-4, Figure 3A)
upstream of the AUG of the Gcendp coding sequence
(19). In normal conditions, translation starts at the
AUG of uORF1 but a large fraction of the 40S ribosomal
particle can resume scanning after terminating translation
of uORFI. In the presence of normal levels of amino acids
and charged tRNAs, translation resumes preferentially at
the downstream uORFs2-4 preventing normal expression
of Gendp. Under amino acid shortage, the low level
of charged tRNAs leads to phosphorylation of elF2a by
the Gen2 kinase, which decreases the efficiency of ternary
complex formation. This leads to ribosome scanning
through uORF2-4 allowing translation initiation at the
downstream Gendp AUG. Mutations that affect PIC for-
mation, ribosome scanning or AUG recognition often
lead to a General Control De-repressed (Ged ™) phenotype
whereby Gendp expression is produced constitutively (19).
We surmised that increased expression of amino acid
genes might result from increased Gendp translation. To
assess translational de-repression of GCN4, we employed
LacZ fusion reporter genes described by the Hinnebush
laboratory (21,22). In these well-characterized constructs
(Figure 3A), the 5 region of the GCN4 gene, containing
the four uORFs is fused to the [B-galactosidase coding
frame so that only use of the GCN4 AUG leads to expres-
sion of the enzyme (Figure 3A, construct pl80). To
control for the global efficiency of translation (and
mRNA production) in the different strains we used a
similar construct that lacked all four uORFs (Figure 3A,
p227). Expression of LacZ from the construct containing
the unmodified GCN4 leader was strongly increased in the
mutant strains relative to the wild-type (Figure 3B). This
was not due to a global increase in the amount of RNA or
the efficiency of translation in kael-18 and pccl-4 cells
since P-galactosidase production from the construct
lacking the uORFs (p227) was even modestly decreased
relative to the wild-type (Figure 3B).

Defective recognition of initiator AUG codons in EKC
and tif5-K55F mutants

Activation of GCN4 translation in pccl and kael mutant
cells could be due to defective recognition of the inhibitory
uORFs 2-4 after post-termination re-initiation (see
above), to activation of the Gcen2 kinase pathway, for
instance as a consequence of some molecular event that

Nucleic Acids Research, 2011, Vol.39, No. 14 6153

creates or mimics amino acid shortage or both. To assess
whether defective recognition of AUG codons occurs in
EKC/KEOPS mutants, we employed a construct contain-
ing an out of frame AUG upstream of the LacZ ORF
(Figure 3A, p4164). In this construct, B-galactosidase
can only be produced by leaky scanning through the
upstream AUG allowing the occurrence of translation ini-
tiation at the downstream start codon (note that leaky
scanning at the second AUG would still allow a positive
read out of the reporter) (22). Interestingly, a strong
increase in [-galactosidase production was observed with
this construct in pccl and kael mutants relative to the
wild-type, indicating the occurrence of leaky AUG recog-
nition during scanning. To extend these results we
analyzed the implication of another EKC/KEOPS compo-
nent, the Bud32 kinase, in translational repression of
Gcendp. Bud32p is closely related to the RIO family of
protein kinases and the Bud32-D161A mutant has been
shown to be catalytically inactive in vitro (8). De-
repression of Gendp translation and leaky AUG
scanning were observed both in bud32 cells and the cata-
lytically inactive mutant (Figure 3C, constructs p180 and
p4164), although the effect was less prominent in the
latter.

These results indicate that de-repression of Gené4 trans-
lation occurs as a result of defective recognition of the
upstream inhibitory ORFs. However, we cannot
formally rule out that the amino acids shortage response
is also somehow activated in mutants. As outlined earlier,
the latter depends critically on the phosphorylation of
elF2a by the Gen2 kinase and gen24 cells have been
shown to be defective for Gen4 activation under amino
acids shortage (19). A direct activation of Gen4 transla-
tion by defective AUG recognition in EKC/KEOPS
mutants would imply shortcutting the Gen2p pathway.
Consistent with this notion, mutation of Kaelp and
Pcclp activated B-galactosidase expression from the con-
struct containing the wild-type Gcen4 leader even in a
gen24  context  (Figure 3D, construct pl80 and
Supplementary Figure S3). As expected, expression of
LacZ from the construct containing the out of frame
upstream AUG was not affected by the absence of
Gen2p (Figure 3D, construct p4164). Note that in a
gen2A background the overall levels of B-galactosidase ex-
pressed from the pl80 construct are generally lower,
possibly because the Gen2 pathway is activated to low
levels in the growth conditions employed. However the
relative effect (fold activation) of EKC mutations is
similar in gen24 and GCN2 background.

Overall, these results support the notion that integrity
of the EKC/KEOPS (and to some extent of the kinase
activity of Bud32p) is required to maintain Gen4 transla-
tional repression. They strongly suggest that de-repression
of GCN4 in EKC/KEOPS mutants results from skipping
non-productive translation of uORFs in the GCN4 leader
via the defective recognition of the respective upstream
AUG:s.

Finally, we wanted to assess whether a translational
phenotype underlay the synthetic lethality of #if5-K55E/
pecl-4 cells. Consistent with this possibility, several
alleles of TIF5 have been isolated that affect translation
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Figure 3. Translational regulation of Gnc4 expression is altered in EKC and tifS mutants. (A) Schematic of the GCN4-lacZ fusions reporters.
The 5 region of GCN4 RNA contains four upstream reading frames (uORFs 1-4, empty boxes) upstream of the main GCN4-lacZ ORF (light
gray box, the arrow indicates its start codon). Construct P180 contains the unmodified region. P227 contains point mutations (X) in the four
upstream AUG codons. p4164 contains an elongated version of uORF]1 (thin gray box, the arrow indicates its start codon) that is not in frame with
the GCN4 ORF. (B) EKC/KEOPS mutants kael, pccl and pcc2 de-repress GCN4 translation and increase AUG leaky scanning. B-Galactosidase
activity (arbitrary units) was measured from wild-type or mutant cells transformed with the GCN4-LacZ reporters indicated above each panel.
Average of four independent experiments each one performed in triplicate. Errors bars represent standard deviations. (C) As in (B) GCN4-LacZ
analysis of Abud32 and the catalytic mutant bud32D161A. Since the latter is also HA tagged, analysis was performed in parallel with a tagged version
of wild-type BUD32. (D) Gcen4 activation by EKC mutants is independent of the Gen2-dependent amino acids shortage pathway. Double
gen2A/kael-18 mutants transformed with the Gend-LacZ reporters were analyzed as in (B). Note that in the absence of Gen2p, the overall
levels of B-galactosidase obtained from the pl180 reporter are decreased suggesting that the Gen2 pathway is partially activated in these growth
conditions. The relative levels of activation of the reporter are however similar in the presence and absence of Gen2 (E). Leaky scanning in 7if5-K55E
mutant cells. p-Galactosidase activities were measured as in (B) from wild-type or fif1-5 cells containing the GCN4-LacZ reporters grown at
the permissive (30°C) temperature. Average of four independent experiments each one performed in triplicate. Errors bars represent standard
deviations.
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initiation at different steps (16,23). Therefore, we trans-
formed the isolated tif5-K55E strain with the Gend-LacZ
constructs. In contrast to EKC mutants, a global effect on
translation was observed in tif5-K55E cells (Figure 3E,
p227), possibly reflecting a global decrease of translation
initiation efficiency.

Importantly, p-galactosidase colorimetric assays
revealed the occurrence of leaky scanning in tif5-K55E
cells (Figure 3E, construct p4164), which is even more prom-
inent considering the global effect observed with the con-
struct lacking the out of frame AUGs. Interestingly, we
did not observe activation of Gcndp translation in the
construct containing all four uORFs (Figure 3C, construct
p180) in tif5-K55E. This result might either imply that
tif5-K55E cells are also defective for initiation at uORF1
[which is required for Gen4 regulation, (19)], or that TC
recruitment to the post-termination scanning ribosome is
not affected in this mutant (see ‘Discussion’ section).

Sucrose gradient analysis of polysomes in tif5-K55E
cells (Supplementary Figure S4A, left panels) revealed a
profile very similar to the ones previously observed for
elF5-depleted or mutant cells that are defective in trans-
lation initiation (24,25). The marked decrease in polyribo-
some content relative to the free ribosomal particles (that
most likely constitute the bulk of the 80S peak) is charac-
teristic of a defect in translation initiation. A similar
profile was also observed in kaelA cells (Supplementary
Figure S4). The translational phenotype of tif5 and kael is
not due to a defect in the biogenesis of the 40S and 60S
ribosomal particles as a parallel analysis of total
dissociated ribosomes (Supplementary Figure S4A, right
panels) revealed very similar levels of the two particles in
the mutant and the wild-type strains (Supplementary
Figure S4). Finally, no apparent differences were
observed in the levels of ribosomal 25S and 18S mature
ribosomal RNAs (Supplementary Figure S4B).

Overall, these results strongly suggest that the stringent
requirement for elF5 function in EKC/KEOPS mutant
cells relates to the efficient selection of the initiator
AUG. Opverall, they strongly support the involvement of
EKC/KEOPS in AUG start site selection and translation
initiation.

Phylogenetic and biochemical analyses implicate EKC/
KEOPS in t*°A3; synthesis

Deregulation of Gendp translation was recently observed
in sua5 mutants (26). SuaSp was originally isolated because
its inactivation allowed expression of a cyc/ allele contain-
ing an out-of-frame upstream AUG codon (27). The mo-
lecular mechanism of this suppression was recently
elucidated by showing that SuaSp is required for the
No-threonylcarbamoyl modification present at adenine
37 (t°As;) in the anticodon stem-loop of all tRNAs
decoding ANN codons (15). Defective modification of
the initiator tRNAM®" in sua5 cells leads to a Ged™ pheno-
type, i.e. constitutive expression of the GCN4 gene (26).
The Ged™ phenotype and the genetic interaction of EKC
mutants with threonine biosynthesis (threonine is part of
the t°A;, modification) and tRNA modification genes are
suggestive of similarities with Sua5p.

Nucleic Acids Research, 2011, Vol.39, No. 14 6155

While this work was in progress, a connection between
SuaSp and Kaelp was revealed. Sua5 contains an
N-terminal YrdC domain (residues 1-250) that is also
present in a number of bacterial enzymes, such as
NodU, HypF, NovN and CmcH. Remarkably these
enzymes are all involved in the carbamoylation of differ-
ent substrates (28)

Three-dimensional (3D) atomic models from multiple
threading alignments and iterative structural assembly
simulations indicates that NodU, NovN, HypF and
CmcH all have a similar domain architecture that also
contains an additional homologous module in addition
to the YrdC module. In spite of low sequence similarity
(16% identity on average), this module can be convincing-
ly predicted to have the same fold as Pyrococcus abyssii
Kael (PaKael). Using the I-tasser meta server, we con-
structed a 3D model for this module and analyzed
conserved amino acid positions between the carbamoyl
transferases and Kael. The structure of PaKael was
obtained in the presence of the non-hydrolysable
AMPPNP nucleotide, which is bound in a tunnel
between two domains (7). The gamma phosphate group
of AMPPNP interacts with the side chains of Hisl107,
Tyr127, Ser129 and Asp285. The phosphate oxygens of
the nucleotide are further liganded to a Fe ion that is
bound to Kael through the side chains of Hisl07,
Tyr127, Hisl11 and Asp285 in a configuration that is
very similar to that of the Fe ions found in the active
site of acid phosphatases. All these residues are absolutely
conserved in eukaryotic and archaeal Kael sequences. The
3D model of the Kael modules of NodU (Figure 4) shows
that both histidines are conserved in the structure and that
the groove could easily accommodate a nucleotide as is the
case for Kael. These data indicate that the carba-
moylating enzymes contain distinct modules that have

Figure 4. Superposition of the crystal structure of Pa-Kael (red) and a
model for the Kael module of NodU (green) as generated by the struc-
ture prediction metaserver I-tasser. The AMPPNP nucleotide observed
in the crystal structure of Pa-Kael is shown in sticks (blue). The two
conserved histidines of the putative active site of NodU are also
represented.
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active site configurations respectively similar to Kaelp
and SuaSp, suggesting that they catalyze similar
chemical reactions.

Inspired by these considerations, we performed LC-MS
analysis of tRNAs extracted from wt, kael-18 and pccl-4
strains. To minimize indirect effects the experiment was
performed at the permissive temperature (30°C) for the
thermosensitive alleles. The characteristic t®A3; 25.5min
peak was strongly reduced in kael-18 and pccl-4 cells to,
respectively, 25 and 30% of wild-type levels, which is
highly significant considering that the analysis was per-
formed with an allele that is only partially defective at
this temperature. The absence of t°A3; in EKC mutants
was independently reported by two other groups while this
work was under revision (28,29).

These experiments together with the data reported by
El Yacoubi et al. and Srinivasan et al. (28,29) indicate that
EKC mutants are defective for t®As; modification of
ANN decoding tRNAs. Since this modification affects
the efficiency of codon—anticodon recognition and
tRNAM® is also t°As; modified, these findings strongly
suggest that translational de-repression of Gcendp in
EKC mutants is mechanistically linked to defective recog-
nition of uORF AUG start codons by unmodified
tRNAM® Overall, these data set the basis for understand-
ing the molecular events associated with alteration of
EKC/KEOPS integrity.

DISCUSSION

In spite of several phenotypes associated to mutants of the
EKC/KEOPS, the primary function of this complex that is
conserved in Eukarya and Archaea has remained elusive
so far. The conservation of one subunit of the complex,
Kaelp, in Bacteria adds a universal twist to this important
question. Several theoretical possibilities exist to relate
universal conservation and function. First, it is possible,
that an ancient function, which was conserved in Bacteria,
has been diverted in Eukarya and Archaea to serve evo-
lutionary novel and distinct purposes and that this
requires the other EKC/KEOPS components. In this
view, the ancestral function of Kael-like proteins might
be lost in Eukarya and Archaea. Another possibility is
that the ancestral function is universally present, but
requires the additional complexity of the whole EKC/
KEOPS in Eukarya and Archaea. A corollary of this pos-
sibility is that the phenotypes observed in EKC/KEOPS
mutants are indirect effects of the perturbation of this
ancestral function. Finally, both the ancestral and the
archaeal/eukaryotic specific functions might co-exist, and
depend on the same or different biochemical forms of the
complex. The results presented here allow ruling out the
first possibility by providing evidence for a biochemical
function of the complex that is universally conserved
and impacts the efficiency and specificity of translation.
We have shown that EKC/KEOPS mutants are defect-
ive in the translational regulation of Gendp, which mech-
anistically relates to defective t°As; modification of
ANN-decoding tRNAs. These findings are strengthened
by the genetic interactions of pccl and kael mutants

with genes involved in the synthesis of threonine, an
amino acid that is part of the t°A5, modification (30,31),
and by the upregulation of Gendp targets in thrl and thr4
mutants. One additional strong connection to translation
is provided by the synthetic lethality of EKC mutants with
a mutant in the translation factor elF5, a protein that is at
the heart of the translation initiation process and the se-
lection of the initiator AUG, which is also impacted by the
t®A3; modification. Finally, structural modeling under-
scores the similarities between Kaelp and bacterial
enzymes catalyzing similar chemical reactions as t°A;,
synthesis (Figure 4). While this work was in progress El
Yacoubi et al. and Srinivasan et al. revealed a phylogen-
etic connection between Sua5p and Kaelp and showed
that kaelA cells are defective for t°A;, modification
(28,29). A defect in t°As; synthesis was also reported in
peelA, bud32A and the catalytic mutant allele of Bud32,
bud32-D161A4 (29), which is fully consistent with our
genetic assays on Gen4 activation and our LC-MS data.

Deregulation of Gen4p expression in EKC/KEOPS
mutants is linked to defective t°A synthesis

In the quest for a molecular function of the EKC/KEOPS
that could relate the different phenotypes associated to its
alterations, we first performed genetic screens and tran-
scriptome analyses. The specific transcriptome profile of
EKC/KEOPS mutants was particularly striking as a large
majority of genes involved in the synthesis of amino acids
were found to be upregulated (Supplementary Figures S1
and S2). We show that this is due to increased expression
of the Gendp transcription factor that controls a large
majority of the upregulated genes. Regulation of the
GCN4 locus occurs at the translational Ilevel (19).
Translation starts in the GCN4 leader at an upstream
ORF (uORF1) but most ribosomes resume scanning
after termination. Regulation occurs by altering the effi-
ciency of recognition of three additional inhibitory up-
stream ORFs (uORFs2-4): whenever these are skipped,
translation can occur at the downstream in frame Gcn4
AUG (Figure 3). Under amino acids shortage, phosphor-
ylation of elF2a by the Gen2p kinase decreases the levels
of the ternary complex (containing the charged tRNA{M®!
and elF2-GTP), which impairs recognition of the inhibi-
tory uORFs and allows expression of Gendp. Mutations
altering formation of the PIC, the scanning process or the
recognition of the AUG by tRNAM® allows reading
through ORFs2-4 AUGs and expression of Gendp, i.e. a
Gced™ phenotype [for a review see (19)].

The Ged™ phenotype we observed for EKC/KEOPS
mutants could in principle be due to the activation of
the Gen2p pathway by some events causing or mimicking
amino acid shortage. For instance, it has been shown that
t°A5; is an important determinant of the recognition of
tRNA™ by the cognate isoleucyl-tRNA synthetase (32)
and the presence of uncharged tRNAs is known to
activate the Gcn2 pathway. We show, however, that
Gendp translation is activated in EKC mutants even in
the absence of Gen2p (Figure 3D), which does not
support this hypothesis. The Gcd- phenotype of EKC
mutants is unlikely due to a defect in ribosomal biogenesis
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as previously described for an rp/16 BA mutant (33) as the
levels of 40S and the 60S particles and their ratio was very
similar to the wild-type even in the severely affected kaelA
mutant (Supplementary Figure S4 and data not shown)

The most likely mechanisms underlying Gendp activa-
tion in EKC mutants is the occurrence of scanning
through the inhibitory uORFs2-4 in the GCN4 leader
after translation of uORF1 (which is required for regula-
tion). We have shown that leaky scanning indeed occurs in
EKC mutants by using a reporter gene that allows expres-
sion of B-galactosidase only upon skipping of an upstream
AUG (Figure 3B, construct p4164).

The most likely mechanism underlying leaky scanning
in EKC mutants is the faulty recognition of the starting
AUG codon, as a consequence of the strong reduction in
t°A;, modified initiator tRNAM®' that we observed in
kael-18 cells (Figure 5). Indeed, the presence of t°As,
has been shown to confer a particular structure to the
anticodon loop that stabilizes the codon—anticodon inter-
action and increases the binding to the ribosome (34-37).
Similar findings have been reported for the Sua5p protein
that has also been shown to induce constitutive activation
of the same Gcn4-LacZ reporters we used in this study
and to be defective for the t°A;; modification (15,26).
Gen2-independent activation of Gendp translation was
previously shown for mutants or conditions leading to
altered tRNA metabolism (38,39).

The genetic interactions of EKC mutants provide strong
support for the proposed function of the complex in t°A
synthesis

The finding that integrity of the threonine synthesis
pathway is essential in a context of defective EKC/
KEOPS substantiates the implication of EKC/KEOPS in
t°A5, synthesis. Threonine is part of the t°A;; and has
been shown to be required, together with carbonate and
ATP, for in vitro synthesis of this modification (40,41).
Deletion of THRI or THR4, involved in the two last
steps of threonine synthesis, leads to lethality in a
kael-18 mutant. This finding is particularly striking con-
sidering that all genetic analyses have been performed in
rich, threonine-containing medium, which allows normal
growth of thrl or thr4 threonine auxotrophs. This suggests
that impairment of endogenous synthesis in #hr mutants
leads to a decrease in threonine availability to levels that
do not significantly affect normal cell metabolism and
protein synthesis still strongly enhance the effect of
partial alterations in t°A synthesis due to EKC/KEOPS
mutations. The stronger effect of thrl and thr4 deletion on
kael-18 mutants compared to upstream mutations in the
threonine pathway (e.g. hom?2) might suggest the alterna-
tive, provocative, hypothesis that Thrlp and Thrdp
directly take part in t°A synthesis, which might for
instance imply the existence of a homoserine intermediate
that would be converted to threonine by the sequential
action of the two enzymes. This homoserine pathway
might be a preferred but not an obligatory pathway,
which would be consistent with early in vivo and in vitro
studies reporting the incorporation of threonine in t°A
(30,31,40,41).
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An additional piece of evidence that the EKC/KEOPS
impacts translation via the t®A modification, is the strong
genetic interaction with the translation initiation
GTPase-activating protein (GAP) Tif5p/elF5. This
protein is involved in several steps of translation initiation
(16,17). After the stable interaction of initiator tRNAM®!
with the starting AUG elF5 enhances elF2 GTPase
activity, which prompts structural rearrangements in the
scanning ribosome and allows the transition from initi-
ation to elongation. By virtue of the multiple interactions
of its carboxy-terminal domain (CTD) with other transla-
tion initiation factors, eIF5 also functions as an assembly
platform that favors the interaction of the TC with the
scanning ribosome and the formation of the translation
PIC (16). Consistent with this function, several recessive
tif5 alleles have been isolated in the CTD inducing a
Gcd phenotype that can be mechanistically associated
with defective recruitment of the TC to the re-initiating
ribosome on the GCN4 RNA (23). We show that the re-
cessive tif5 allele that we isolated based on its synthetic
lethality with pccl-4 (tif5-K55E) has a polysome profile
similar to the one of previously characterized tif5 alleles
and consistent with a defect in translation initiation
(24,25). Consistent with this notion, ¢if5-K55E have a
strong leaky scanning phenotype, which parallels the one
observed with pccl and kael cells. In contrast to EKC
mutants, however, this particular allele does not induce
a Gced™ phenotype (i.e. it does not constitutively acti-
vate translation of the wild-type Gcend-LacZ reporter,
Figure 3E, p180). This might be due to the fact that effi-
cient Gen4 activation requires translation of uORF1 and
that tif5-K55E cells might severely affect recognition of
the uORFI1 start codon. Alternatively, this mutation of
elF5 might not affect TC recruitment to the post-
termination 40S particle, which would allow translation
of the inhibitory uORFs2-4. This would be consistent
with the finding that the mutation isolated is not in the
CTD but in the N-terminal GAP domain. Dominant mu-
tations in this region have been isolated that have a
relaxed AUG recognition and enhanced GAP activity
(SUI phenotype) (42). Alleles with reduced GAP activity
have also been described that have a reduced rate of trans-
lation initiation (43), but, generally, mutations in the
N-terminal domain do not lead to a leaky scanning pheno-
type (23). Therefore, the K55E allele behaves differently
from described mutations in the GAP domain, possibly
implicating GTP hydrolysis in scanning and AUG selec-
tion. We suggest that, while EKC mutants affect the effi-
ciency of AUG recognition via the unmodified initiator
tRNAM the 1if5-K55E allele slows down GTP hydrolysis
after AUG codon—anticon interaction, delaying (or pre-
venting) the structural rearrangements required for the
interruption of scanning and the transition to elongation.
The future biochemical characterization of this allele
might reveal novel interesting features of the mechanism
of translation initiation and elF5 function.

Relationship to other EKC phenotypes

Several phenotypes have been described for mutants of
the EKC/KEOPS complex, ranging from defective
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Figure 5. kael-18 and pccl-4 cells are defective for t6A37 formation. LC-MS-MS analysis of tRNAs extracted from wild-type (A) and mutant
kael-18 (B) and pccl-4 (C) strains as indicated. The UV traces are shown in the top panels and the extraction ion chromatograms in the bottom
panels for each strain. t°As levels in kael-18 and pccl-4 mutants were, respectively, 25% and 30% of wild-type after normalization to the ratios of
W/m'G to account for differences in tRNA concentrations. W/m'G ratios were not significantly different (0.21, 0.24 and 0.23 for BY4742, kael-18
and pccl-4, respectively). Extraction and analysis were performed twice independently.

transcription (2) to telomere homeostasis (1) and genomic
instability (our unpublished data; 3). It is obviously
possible that these phenotypes result from indirect
effects due to defective t°A modification in several
tRNAs that affect the translation of transcription or
telomere maintenance factors. One obvious candidate
would be the Est3p component of telomerase that
requires a frameshift for its expression (44). However, de-
fective codon recognition due to lack of t°A modification
rather favors Est3p production by enhancing frameshift-
ing [as was shown for sua54 cells, (26)] and it has been
shown that a frameshift independent EST3-fsc allele has
normal growth and telomere lengths (44). Another possi-
bility is that the EKC/KEOPS has additional functions
that might or might not be related to carbamoylation.
This might correlate to the increased complexity of the
archaeal/eukaryotic enzymes relative to the prokaryotic
counterparts and to the physical separation of the Sua5
and Kael modules. It is important to point out, however,
that both sua5 and EKC mutants have telomeric defects
(1,45), suggesting that, if a eukaryotic specific effect in
telomere homeostasis exists, this might involve a similar
chemistry as t°As; formation. One interesting possibility is
the existence of an additional target for a carbamoylation
reaction analogous to t°A;; formation, which might be a
protein factor or an RNA with similar or different char-
acteristics from the tRNA anticodon stem loop. In the
context of the whole EKC the carbamoylation reaction
might acquire additional substrate specificity and even
be regulated based on cellular physiology or cell cycle
stage. In the absence of reported physical interactions
between SuaSp and EKC components, the molecular

mechanism ensuring the coordination of their activities
remains, however, elusive.

The long sought elucidation of at least one of the EKC/
KEOPS primary functions is an important step for under-
standing the impact of these conserved factors on several
cellular processes. Future challenges include the identifi-
cation of additional targets or the discovery of the mech-
anistic ~ pathways  linking tRNA  modification,
transcription and telomere homeostasis.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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