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ABSTRACT

KEOPS is an ancient protein complex required for
the biosynthesis of N6-threonylcarbamoyladenosine
(t°A), a universally conserved tRNA modification
found on all ANN-codon recognizing tRNAs. KEOPS
consist minimally of four essential subunits, namely
the proteins Kael, Bud32, Cgi121 and Pcc1, with
yeast possessing the fifth essential subunit Gon?7.
Bud32, Cgi121, Pcc1 and Gon7 appear to have
evolved to regulate the central t® A biosynthesis func-
tion of Kae1, but their precise function and mecha-
nism of action remains unclear. Pcc1, in particular,
binds directly to Kae1 and by virtue of its ability to
form dimers in solution and in crystals, Pcc1 was in-
ferred to function as a dimerization module for Kae1
and therefore KEOPS. We now present a 3.4 A crys-
tal structure of a dimeric Kae1-Pcc1 complex pro-
viding direct evidence that Pcc1 can bind and dimer-
ize Kae1. Further biophysical analysis of a complete
archaeal KEOPS complex reveals that Pcc1 facili-
tates KEOPS dimerization in vitro. Interestingly, while
Pcc1-mediated dimerization of KEOPS is required to
support the growth of yeast, it is dispensable for t5A
biosynthesis by archaeal KEOPS in vitro, raising the
question of how precisely Pcc1-mediated dimeriza-
tion impacts cellular biology.

INTRODUCTION

Transfer RNAs (tRNAs) are essential adaptor molecules
in the protein translation process. They are responsible for
providing the correct amino acids for protein translation
through decoding the information written in the messen-
ger RNA (mRNA). In order to function at high efficiency

and fidelity, all tRNAs are subjected to post-transcriptional
modifications (1). These modifications confer both sta-
bility and functionality to the tRNA molecule (2). N6-
threonylcarbamoylation, which occurs on adenosine 37 of
the tRNA anticodon stem loop immediately 3’ to the anti-
codon (3-7), is a universally conserved modification across
all branches of life. N6-threonylcarbamoylation occurs on
all ANN-recognizing tRNAs with the exception of bacterial
initiator tRNAM®!, In certain species of fungi, plants and
bacteria, N6-threonylcarbamoyladenosine (t°A) can be fur-
ther processed into cyclic-t°A (8). The presence of t*A37 or
cyclic-t®A37 restructures the tRNA anticodon stem loop by
preventing A37-U33 hydrogen bonding, which allows t°A37
to form base-stacking interaction with the mRNA codons.
This event strengthens the interaction between the mRNA
ANN codon and the tRNA anticodon, thus preventing
frameshifting events during translation elongation. It also
promotes selection of the cognate starting AUG codon dur-
ing translation initiation (9,10).

The biosynthesis of t°A in all branches of life is a two-
step process catalyzed sequentially by the Sua$ (in eukary-
otes and archaea)/YrdC (in bacteria) and Kael (in eukary-
otes and archaea)/Qri7 (in mitochondria)/YgjD (in bacte-
ria) protein families (11-13). Sua5/YrdC converts the sub-
strates threonine, adenosine triphosphate (ATP) and bi-
carbonate into the short-lived small molecule intermedi-
ate threonylcarbamoyl-adenylate (TC-AMP) (14,15). TC-
AMP is then utilized by the Kael /Qri7/YgjD protein fam-
ily for the final formation of t°A on substrate tRNAs
(14,15). Kael/Qri7/YgD family members function as a
component of related but distinct protein complexes in the
three different branches of life. In bacteria, YgjD functions
within a ternary complex with the proteins YeaZ (an in-
active structural ortholog of YgjD) and YjeE (16-18). In
the mitochondria of eukaryotes, Qri7 functions as an iso-
lated homodimer (15,19). In eukaryotes and archaea, Kael
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functions as part of the KEOPS (kinase, endopeptidase and
other proteins of small sizes) complex (20-22). In addition
to Kael, KEOPS consists of the adenosine triphosphatase
(ATPase) Bud32, the ATPase regulator Cgil21, the dimer-
ization subunit Pccl and in fungal species the intrinsically
disordered protein Gon7. Atomic structures of archaeal
KEOPS sub-complexes support a composite linear archi-
tecture consisting of Cgil21-Bud32-Kael-Pccl-Pccl-Kael-
Bud32-Cgil21 (20) while atomic structures of yeast KEOPS
sub-complexes support a composite linear architecture con-
sisting of Gon7-Pccl1-Kael-Bud32-Cgil21 (23). The forma-
tion of t°A is dependent on the integrity of the KEOPS com-
plex as null yeast strains for any KEOPS subunit severely
compromises t®A modification within cells (11,12,15). In-
triguingly, yeast cells lacking KEOPS subunits or Sua5 ad-
ditionally display slow growth and shortened telomere phe-
notypes (24-26). The underlying mechanistic link between
growth, telomere phenotype and t°A biosynthesis in yeast
remains to be determined.

The KEOPS subunits Cgil21, Bud32, Pccl and Gon7
(which is currently only found in yeast) have likely evolved
to assist or regulate the t°A biosynthetic function of Kael.
However, the precise molecular function of each subunit re-
mains unclear. In particular, Pccl has been proposed to act
as a dimerization module for KEOPS based on the follow-
ing observations. Firstly, Pyrococcus furiosus (pfu) Pccl in
isolation formed homodimers as evidenced by analytical ul-
tracentrifugation and by X-ray crystallography (20). In ad-
dition, the symmetrical nature of the homodimer presented
two equivalent and non-overlapping surfaces for binding
Kael and thus could potentially dimerize KEOPS (20). Sec-
ondly, the Pccl homodimer requires two intact Kael bind-
ing surfaces to support the growth of yeast. Specifically, a
synthetic Pccl-Pccl fusion protein engineered to form ho-
modimers in cis was deficient for the ability to support yeast
growth when one or both Kael binding surfaces within the
synthetic Pcc1-Pccl homodimer were disabled by mutation
(20). Thirdly, human KEOPS was inferred to form dimers
through Pccl, based on co-immunoprecipitation experi-
ments in HEK293T cells using differentially tagged Kael
proteins (27).

In contrast, other observations support the possibility
that Pccl may not function as a dimerization module.
Firstly, the crystal structure of an archaeal Kael-Pccl com-
plex revealed a 1:2 stoichiometry, despite the fact that the
Pccl dimer presented two accessible Kael binding surfaces
that in principle could accommodate a 2:2 binding sto-
ichiometry (20). Secondly, a recently determined crystal
structure of a yeast Pcc1-Gon7 complex revealed a 1:1 stoi-
chiometry in which Pccl engaged Gon7 using the same sur-
face previously shown to mediate Pccl homodimerization
(23). In support of this 1:1 binding mode, which would dis-
rupt the ability of Pccl to form homodimers, SEC-MALS
analysis of the five-subunit yeast KEOPS complex con-
sisting of Gon7, Pccl, Kael, Bud32 and Cgil21 subunits
demonstrated a 1:1:1:1:1 binding stoichiometry (23).

Thus, the sum of biological, biochemical and biophysical
studies of archaea, yeast and human KEOPS present con-
flicting pictures of whether Pccl functions as a dimerization
module within KEOPS. To investigate this issue further, we
have now solved and characterized a crystal structure of

a Methanococcus jannaschii (mj) Kael-pfuPccl complex.
The structure revealed the presence of both 1:2 and 2:2
Kael:Pccl binding stoichiometries within the same crys-
tal lattice. Furthermore, SEC-MALS and SAXS analyses
revealed that Kael and Pccl form a 2:2 binding complex
in solution highly similar to the configuration displayed in
the crystal lattice. Lastly, using a synthetic Pccl-Pccl fu-
sion protein strategy, we characterized the impact of Pccl-
mediated dimerization of KEOPS on the biosynthesis of
t°A in vitro using purified archaeal proteins. These func-
tional studies revealed that perturbation of Pccl-mediated
dimerization of KEOPS had no effect on t°A biosynthesis
activity in vitro.

MATERIALS AND METHODS
Plasmid construction, protein expression and purification

pfuPccl  (full-length) (NCBI  accession number
WP_011013156.1) and mjKael (amino acids 1-328)
(NCBI accession number Q58530.2) were amplified from
Pfuriosus and M.jannaschii genomic DNA (ATCC)
respectively using polymerase chain reaction (PCR).
PCR products were subcloned using BamHI and Xhol
restriction digest sites into a modified pGEX-2T vector
(GE Healthcare) harboring the multiple cloning site
of pProEx-Hta (ThermoFisher Scientific) and a TEV
protease recognition sequence in place of the Thrombin
protease recognition sequence. The resulting vector enables
expression of TEV cleavable N-terminal glutathione-
S-transferase (GST) fusion proteins. Sequence verified
plasmids were transformed into Escherichia coli BL21
(DE3) CodonPlus cells. Eight-liter cultures were grown
at 37°C to an O.Dgyonm 0of 0.6-0.8 before induction with
0.3 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG),
followed by an overnight growth at 18°C. Bacteria pellets
were resuspended and lysed by homogenization in lysis
buffer consisting of 50 mM Hepes-HCI pH 7.5, 500 mM
NaCl, 5 mM ecthylenediaminetetraacetic acid (EDTA)
and 1 mM Dithiothreitol (DTT) . Clarified lysates were
gravity-flowed over glutathione sepharose resin followed
by washing with 20 column volumes (CV) of lysis buffer.
Purified proteins bound to the glutathione sepharose
resin were eluted by treatment with the TEV-protease.
The eluted proteins were finally purified by size exclusion
chromatography using a Superdex 200 10/300 GL column
(GE Healthcare) equilibrated with 20 mM HEPES pH 7.5,
100 mM NaCl and 2mM DTT.

Crystallization, structure determination and refinement

Crystals of the mjKael-pfuPccl complex were obtained in
a sitting crystallization drop, where 200 nl of a 200 pM
mjKael-pfuPccl-mjtRNAMS and 2mM AMP mixture was
mixed with 200 nl of 0.1 M Sodium Cacodylate pH 6.5
and 1.26 M Ammonium Sulfate. The crystallization drop
was equilibrated against a 50-u.1 mother liquor reservoir of
0.1 M Sodium Cacodylate pH 6.5 and 1.26 M Ammonium
Sulfate. Crystals were cryo-protected by quick-soaking in
mother liquor containing 20% glycerol prior to flash freez-
ing in liquid nitrogen. A diffraction dataset was collected
on a single crystal at the advanced photon source NE-CAT



beamline 24-ID-C. Data reduction and scaling of X-ray
diffraction data was performed using the HKL software
suite (28). The structure of the Kael-Pccl protein com-
plex was solved by molecular replacement using Pyrococcus
abysii Kael (PDB ID: 2IVP) and one protomer of pfuPccl
(PDB ID: 3ENC) as search models in PHASER (29). Re-
finement was performed using PHENIX (30). The structure
has been deposited to the PDB as PDB ID: 5JMV.

Small-angle X-ray analysis

The Kael-Pccl complex was resolved over a 24 ml
Superdex-200 (GE Healthcare) gel filtration column. Sam-
ple homogeneity was confirmed by dynamic light scatter-
ing analysis and solution scattering data was collected on a
Rigaku BioSAXS-1000 instrument over a range of protein
concentration (11-43 wM). SAXSLab 3.0.0r1 (Rigaku) was
used to generate scattering curves. Sample integrity during
data collection was confirmed by comparing 10-min expo-
sures collected before and after data collection. The one-
dimensional scattering profiles were identical for all pro-
tein concentrations. Data quality was assessed by compar-
ing scattering curves over a range of protein concentra-
tions and exposure times using the ATSAS 2.6.0 program
suite (31). Radius of gyration and pair-distance distribu-
tion functions were determined using Primus and Gnom,
respectively (Supplementary Table S3) (32). The highest
quality estimate as determined by AutoRg and AutoG-
NOM was used to select the sample that was processed
further. Ten ab initio models were independently generated
using DAMMIF (33) and clustered based on the normal-
ized spatial discrepancy using DAMCLUST (34). The re-
ported molecular weight was calculated based on the vol-
ume of correlation (35). The theoretical scattering curves of
the possible 1:2 and 2:2 Kael:Pccl complex were generated
and compared to the solution scattering using Crysol (36).

SEC-MALS analysis

SEC-MALS analysis of all protein complexes were con-
ducted using miniDawn TREOS and Optilab T-rEX detec-
tors (Wyatt Technology) coupled to a 1260 Infinity HPLC
system (Agilent Technologies). A WTC-030S5 SEC column
(Wyatt Technology) was used for protein separation. Chro-
matography experiments were conducted in 20 mM Hepes
pH 7.5, 250 mM NaCl and 1 mM DTT unless otherwise
stated. All data analysis was conducted using the ASTRA
software (Wyatt Technology).

Sedimentation equilibrium analytical ultracentrifugation

Sedimentation equilibrium analysis of the mjKael-pfuPccl
complex was performed with a Beckman ProteomeLab X1L-
I centrifuge at 20°C. Data was obtained after 38 hours of
centrifugation at each speed (indicated below) by monitor-
ing the relative refractive index between the protein sample
and the corresponding blank buffer. Concentrations of 1,
0.5 and 0.25 mg/ml were tested in duplicate. The buffer con-
ditions tested were low salt buffer (20 mM Hepes pH 7.5,
100 mM NaCl, 1 mM DTT), original SEC-MALS buffer
(20 mM Hepes pH 7.5, 250 mM NaCl, 1 mM DTT), high
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salt buffer (20 mM Hepes pH 7.5, 500 mM NaCl, 1 mM
DTT) and crystallization condition mimic buffer (50 mM
Sodium Cacodylate pH 6.5, 630 mM Ammonium Sulfate).
Low salt buffer and original SEC-MALS buffer samples
were centrifuged at speeds 7800, 8200 and 8800 rpm while
high salt buffer and crystallization condition mimic buffer
samples were centrifuged at speeds 7500, 8200 and 8800
rpm. Sedimentation equilibrium data was processed using
Origin 4.0 software.

HPLC analysis of tRNA composition

In vitro transcribed tRNA was digested and dephosphory-
lated according to previously described protocols (37). Ri-
bonucleosides were analyzed on a Discovery C18 (15 cm x
4.6 mm, 5 wM) reverse-phase column (Supelco Analytical)
equipped with an Ultrasphere ODS guard column (Beck-
man). Ribonucleosides were separated over a 35-min linear
gradient of 98:2-87.5:12.5 (Buffers A and B respectively) at
a flow rate of 1.5 ml/min. The compositions of buffers A
and B were 250 mM ammonium acetate pH 6.5 and 40%
acetonitrile in HPLC-grade water, respectively. All HPLC
experiments were performed on a Dionex Ultimate 3000
HPLC Unit (Thermo Scientific) and data analysis was per-
formed using the Chromeleon HPLC software.

In vitro tRNA transcription and purification

Overlap extension PCR was used to generate mj
tRNAWYSAAA) - hepatitis  delta virus (HDV) ribozyme
DNA fragments. The mjtRNAYS-HDV ribozyme frag-
ment was ligated into pUCI19 and linearized with BamHI
prior to performing run-off in vitro transcription reactions
using T7 RNA Polymerase. Transcription reaction condi-
tions were as follows: 100 mM Tris pH 8.0, 4 mM ATP, 4
mM GTP, 4 mM CTP, 4 mM UTP, 10 mM DTT, 1 mM
spermidine, 0.1% Triton X-100, 25 mM MgCl,, 30 ug/ml
linearized DNA template, 0.2 mg/ml T7 RNA Polymerase,
10 U/ml thermostable inorganic phosphate (NEB) and 200
U/ml RiboLock™ RNase Inhibitor (Thermo Scientific).
Transcription reactions were incubated for four hours
at 37°C and terminated by the addition of EDTA to a
final concentration of 50 mM. RNA was isolated using
a conventional phenol-chloroform extraction protocol,
followed by isopropanol precipitation and 80% ethanol
washes. Air-dried RNA pellets were solubilized in 8M urea
and refolded by rapid dilution into nine volumes of 25
mM Bis-Tris pH 6.5, 1 mM MgCl, and 0.2 mM EDTA.
The refolded tRNA was purified on a Sourcel5Q column
(GE Healthcare) using the following chromatography
conditions: (i) four CV at 20% B and (ii) linear gradient
over 25 CV from 20 to 30% B. Solutions A and B are
DEPC-treated water and 2 M NaCl prepared in DEPC-
treated water respectively. Fractions containing tRNA
were pooled and treated with one volume of isopropanol
to precipitate RNA. The precipitated RNA was pelleted
using centrifugation, washed with 80% ethanol and then
air-dried. The RNA pellet was resuspended in 50 mM Tris—
Cl pH 8. Prior to use, the tRNA was refolded by (i) boiling
at 95°C for 2 min, (ii) flash cooling on ice, (iii) warming to
50°C, (iv) addition of MgCl, to a final concentration of 2
mM and (v) slow cooling to room temperature.
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In vitro t°A biosynthesis assay

In vitro t°A biosynthesis assays using archaea pro-
teins were performed in 50 mM Tris—=HCI pH 8.0, 150
mM NaCl, 2.5 mM DTT, 0.5 mM threonine, 0.5 mM
NaHCO;, 2 mM ATP, 0.25 mM MnCl,, 0.25 mM
MgClp, 2.5 mM spermidine, 0.5 ul TIPP, 5 uM of
mjSua5/mjCgil21/mjKael /mjBud32, 2 uM Pccl-Pccl fu-
sion protein and 50 wM of mjtRNAM*. Reactions were in-
cubated at 55°C for the indicated time points and stopped
by the addition of EDTA to a final concentration of 25
mM. The tRNA was enzymatically digested and analyzed
by HPLC as described above.

RMSD calculations

All structure comparisons and RMSD calculations were
performed using the SUPERPOSE software (38).

RESULTS
Biophysical analysis of a Kael-Pccl protein complex

Our previous crystal structure analysis of a Thermoplasma
acidophilum (ta) Kael-pfuPccl protein complex revealed a
1:2 binding stoichiometry (20). This observation was puz-
zling since the Pccl homodimer presented two binding sur-
faces apparently capable of binding the highly conserved
Kael protein (see Supplementary Figure S1 for structure
based sequence alignment). We surmised that the unex-
pected binding stoichiometry could be the result of the
taKael-pfuPccl complex purification protocol, which in-
volved the addition of pfuPccl in large excess over taKael.
To discern if the Pccl homodimer has the capacity to bind
two Kael molecules simultaneously in 2:2 stoichiometry,
we conducted size-exclusion chromatography coupled to
multi-angle light scattering (SEC-MALS) analysis of a 30
wM mjKael-pfuPccl protein complex. A single migrat-
ing species eluted with a mass of 90.7 kDa, which was in
close agreement with the predicted mass of 91 kDa for a
2:2 binding stoichiometry (Figure 1). We further validated
the 2:2 binding stoichiometry by SEC-MALS analysis of a
pfuKael-pfuPccl complex, which eluted as a complex with
observed mass of 91.7kDa, nearly identical to the predicted
2:2 mass of 89.5 kDa (Supplementary Figure S2). These
observations indicated that under the conditions tested, ar-
chaeal Kael and Pccl proteins bind with 2:2 stoichiometry.

Crystal structure of the 2:2 Kael-Pccl complex

To visualize the atomic details of a 2:2 mjKael-pfuPccl
complex, we crystallized an equimolar mixture of mjKael
with pfuPccl. Crystals of the mjKael-pfuPccl complex in
the presence of the nucleotide AMP were obtained that
diffracted to 3.4 A resolution. The structure was solved by
molecular replacement using one protomer of Pyrococcus
abyssi Kael (chain A in PDB ID: 2IVP) and one protomer
of pfuPccl (chain A in PDB ID: 3ENC) as search mod-
els (Table 1). The asymmetric unit consisted of three Kael
proteins and five Pccl proteins, arranged as two complexes
with 1:2 binding stoichiometry and one complex with 1:1
stoichiometry (Figure 2A). The configurations with 1:2 sto-
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Figure 1. Size exclusion chromatography—multi angle light scattering
analysis (SEC-MALS) analysis of a mjKael-pfuPccl complex.

ichiometry were near identical in structure to the previously
determined structure of the taKael—pfuPccl complex, with
RMSDs ranging from 1.3 A and 1.5 A (Supplementary Ta-
ble S1). Application of crystallographic symmetry to the 1:1
Kael-Pccl complex revealed a higher order arrangement
with 2:2 binding stoichiometry (Figure 2B), which we in-
ferred to be the predominant complex detected in solution
using SEC-MALS.

The appearance of both 1:2 and 2:2 Kael:Pccl binding
stoichiometries within the same crystal environment sug-
gested that the solution/crystallization conditions could in-
fluence subunit assembly. This hypothesis was confirmed by
SEC-MALS and sedimentation equilibrium analytical ul-
tracentrifugation (SE-AUC) analyses (Supplementary Fig-
ure S3). Both SEC-MALS and SE-AUC analyses of the
mjKael-pfuPccl complex performed in an 250 mM NaCl
condition revealed comparable apparent molecular masses
of 83.6 and 85 kDa respectively, corresponding more closely
to the theoretical molecule mass of 91 kDa for a 2:2 bind-
ing stoichiometry. In contrast, the same analyses performed
in a higher salt condition (500 mM NaCl) revealed compa-
rable apparent molecular masses of 68 and 63 kDa, which
is intermediate between 2:2 and 1:2 (55 kDa) binding sto-
ichiometries. Analyses performed in a 100 mM NaCl con-
dition revealed a tendency toward aggregation with an ap-
parent molecular mass of 114 kDa (as evident by a polydis-
persed peak ranging in size from 85 to 128 kDa) by SEC-
MALS and an average molecular mass of 99.5 kDa by SE-
AUC. Most notably, SEC-MALS analysis performed in a
buffer condition that closely mimicked our crystallization
condition (630 mM ammonium sulfate) revealed two dis-
tinct complexes with 1:2 and 2:2 binding stoichiometries
(65.3 and 85.0 kDa respectively). The appearance of two
distinct species rather than a single species likely reflects a
slower exchange of binding between Pccl and Kael in the
high ammonium sulfate condition compared to NaCl con-
ditions. SE-AUC analysis in the crystallization mimicking
condition revealed an unexpectedly low average molecular
mass of 60 kDa. We speculate that this discrepancy with
the SEC-MALS measurement may be due to a time de-
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Figure 2. X-ray crystal structure of an archaeal Kael-Pccl protein complex. (A) Ribbons representation of the three Kael and five Pccl proteins in the
crystal asymmetrical unit. The eight unique polypeptide chains form two 1:2 Kael:Pccl complexes and one 1:1 Kael:Pccl complex (B) Application of
crystallographic symmetry to the 1:1 Kael:Pccl complex generates the predicted solution complex with 2:2 stoichiometry. AMP nucleotides are shown in
stick representation. (C) Comparison of Kael-Pccl complexes with 1:2 and 2:2 stoichiometries. Overlays were performed by superposition of the single

central Pccl protomer.

pendent instability of the mjKael-pfuPccl complex over
the 38-hour SE-AUC experiment. Together these results
demonstrated that the binding stoichiometry between Pccl
and Kael is influenced by solution conditions and that the
solution conditions employed for crystallization supports
the sampling of both 1:2 and 2:2 Kael-Pccl binding sto-
ichiometries in solution, which is in agreement with our ob-
servations in the crystal environment.

We previously modeled a 2:2 Kael-Pccl complex using
the 1:2 Kael:Pccl structure and observed steric clashes be-
tween opposing Kael subunits (Supplementary Figure S4).

Comparison of the newly determined structure with the pre-
dicted 2:2 binding model revealed the basis for how steric
hindrance between the two Kael protomers is relieved.
Firstly, Kael protomers are rotated outward by ~8° about
the Kael-Pccl binding surface (Figure 2C). Secondly, each
Pccl protomer undergoes ~6° twist about its homodimer-
ization interface (Figure 2C). Beyond these accommodating
differences, the structure of the individual Pccl and Kael
protomers are similar across the 1:2 and 2:2 Kael-Pccl
complexes observed within the crystal asymmetric unit and
across previously determined Kael and Pccl crystal struc-
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Table 1. Data collection and refinement statistics (molecular replacement)

Kael-Pccl Complex

Data collection
Space group
Cell dimensions

a, b, c(A)

o, B,y () |
Resolution (A)
Rpim
CCl1/2
1/ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ryork / Reree
No. atoms

Protein

Ligand/ion
B-factors

Protein

Ligand/ion
R.m.s. deviations

Bond lengths (A)

Bond angles (°)

P432,2

121.9, 121.9, 310.6
90, 90, 90

50.0-3.38 (3.52-3.38)"
6.2% (>100%)

0.89 (0.44)

13.6 (0.94)

99.9% (100%)
8.4(8.1)

48.2-3.38 (3.51-3.38)
28190 (763)
20.0/24.2% (30.9/40.2%)

10 321
122

66.0
27.8

0.002
0.72

A single crystal was used for structure determination and 5% of reflections were set aside for R calculations.

4Values in parentheses are for highest-resolution shell.

tures (Complete RMSD analysis in Supplementary Tables
S1 and S2).

Small angle X-ray scattering (SAXS) analysis of Kael-Pccl

To confirm that the 92 kDa protein complex we observed
in solution by SEC-MALS analysis corresponded to the
2:2 Kael-Pccl complex visualized in the newly determined
crystal structure, we performed SAXS analyses at three dif-
ferent Kael-Pccl complex concentrations (Supplementary
Table S3). Analysis of the scattering curves uniformly re-
vealed an apparent molecular weight of 95.4 kDa, consis-
tent with a 2:2 binding stoichiometry. Comparison of ex-
perimental to theoretical scattering profiles for the 2:2 and
1:2 Kael-Pccl structural models using CRYSOL revealed
chi® values of 1.2 and 5.6 respectively, further supporting
that the 2:2 complex visualized in the crystal environment
is the same complex sampled in solution (Figure 3A and
B). Lastly, ab initio modeling revealed a molecular envelope
highly similar to the 2:2 Kael-Pccl complex visualized in
the crystal lattice (Figure 3C). These observations support
the notion that the 2:2 complex visualized in our crystal
structure shares the same stoichiometry and configuration
sampled in solution.

The KEOPS complex can form super dimers in solution

Since mjKael and pfuPccl proteins can form 2:2 bind-
ing complexes in solution, we hypothesized that the en-
tire KEOPS complex could in turn form super dimers in
solution. Indeed, as assessed by SEC-MALS analysis, an
equimolar (10 wM) mixture of pfuPccl, mjKael, mjBud32
and mjCgil21 recombinant proteins eluted as a single mi-
grating species with a calculated molecular mass of 152.5

kDa, in close agreement with the theoretical molecular mass
of 173.4 kDa for a KEOPS super dimer (Figure 4A).

Functional relevance of Pccl-mediated dimerization of
KEOPS on t°A biosynthesis invitro

To probe the functional relevance of Pccl mediated dimer-
ization of KEOPS for t°A biosynthesis in vitro, we ex-
ploited a synthetic pfuPccl-Pccl fusion protein that en-
abled selective mutation of one of two Kael binding sur-
faces within the context of a Pccl homodimer generated
in cis (see Figure 4B for schematic). This strategy to dis-
rupt KEOPS dimerization was necessitated by our previ-
ous observation that mutations engineered to disrupt Pccl
homodimerization directly yielded misfolded proteins (20).
We generated three variants of the Pccl-Pccl fusion pro-
tein: wild-type—wild-type, wild-type-E30R and wild-type-
A75Y/VT9R (Figure 4B). Both E30R and A75Y/V79R
mutations were shown previously to disrupt pfuPccl bind-
ing to mjKael using a GST pulldown assay (20). Consis-
tent with our design hypothesis, SEC-MALS analysis re-
vealed that KEOPS complexes assembled using the engi-
neered Pccl-Pccl fusion proteins produced complexes of
desired stoichiometry (Figure 4C). We next examined the
t°A biosynthetic activity of each assembled KEOPS com-
plex in vitro, at concentrations identical to those examined
using SEC-MALS. As demonstrate previously (22), the t°A
biosynthetic function of KEOPS was absolutely dependent
on the presence of Pccl (Figure 4D). Reactions incorpo-
rating the wild type Pccl-Pccl fusion protein resulted in
robust t°A production and this activity was not adversely
affected by either the E30R or A75/V79R mutation in one
Pccl protomer of the Pcc1-Pccl fusion protein. Thus, Pccl-
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Figure 3. SAXS analysis of the Kael-Pccl complex. (A) Crysol comparison of the solution scattering data (black circles) to the theoretical scattering curve
(green line) of a 2:2 Kael-Pccl protein structure. (B) Crysol comparison of the solution scattering data (black circles) to the theoretical scattering curve
(red line) of a 1:2 Kael-Pccl complex. (C) Most representative ab initio bead model of the Kael-Pccl complex. The crystal structure of the 2:2 Kael-Pccl
complex is shown in ribbons representation and manually superimposed onto the bead model for clarity.

mediated dimerization of KEOPS did not appear necessary
for t°A biosynthesis in vitro, under the conditions tested.

DISCUSSION

Our studies show that an archaeal KEOPS complex, com-
prised of mjKael, pfuPccl, mjCgil21 and mjBud32 sub-
units, can form a super dimer in vitro facilitated by the abil-
ity of Pccl to form homodimers and to bind two copies
of Kael. Interestingly, we show that Pccl mediated su-
perdimerization of the archaecal KEOPS complex is not es-
sential for t°A biosynthesis in vitro. This contrasts with our
previous in vivo studies using yeast KEOPS, which indicated
that Pccl-mediated KEOPS dimerization is required to sup-
port growth. This may simply reflect the limitation of our in
vitro reactions to accurately mimic the complexity of the in
vivo environment. Alternatively, this difference in behavior

may reflect evolutionary differences between the archaeal
and yeast complexes. Indeed, the two complexes differ in
other respects such as in subunit composition with yeast
KEOPS containing a fifth subunit, Gon7, that appears ab-
sent from archaeal KEOPS.

Functional relevance of divergent modes of dimerization

The ability to form dimeric complexes, either directly or in-
directly, is a shared characteristic of all Kael/Qri7/YgD
family members. Mitochondrial Qri7 forms homodimers
directly using the same surface that the bacterial ortholog
YgjD heterodimerizes with the inactive structural ortholog
YeaZ (15). The homodimerization of Qri7 is required for
t°A biosynthetic function in vitro and to support yeast
growth in vivo (15). While not tested directly by mutagen-
esis, heterodimerization of YgjD-YeaZ also appears crit-



6978 Nucleic Acids Research, 2016, Vol. 44, No. 19

A B

0.000015+ 250000 =

Calculated mass: 152.5 kDa o

3 200000 3

k=] [=

< 0.000010- [}

o 150000 = Pcc1 | Pccil

= = Wildtype

ks QO

o 100000 %

= 0.000005- g

& Lsoooo S

3

=3

0.000000 T T 0 =~

10 15 20 25

Time (min)

@& ; @

Theoretical KEOPS superdimer mass: 173.4 kDa

°®

Theoretical KEOPS monomer mass: 86.6 kDa

C.‘ | "

20 min 40 min
0.015-
0.000006+ r250000 = .% 0.010+
& <
§ -200000 g 3
£ 0.000004 & e 0.005+
[} 150000 =
= =
j %z L100000 &
& 0.000002 7 @ 0.000-
) «Q
4 Fs0000 5 & & F S E LSS
3 PR TSR
= SRR R
0.00000¢ ; : 0 = & &
10 15 20 25
Volume (mL)
Calculated Mass (kDa)  Expected Mass (kDa)
Wildtype 166.7 173.4
E30R 95.1 96.2
A75YNT9R 86.1 96.2
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Pccl fusion proteins. (D) Analysis of t°A production by archaca KEOPS complexes incorporating the indicated wild-type or mutant Pccl—Pccl fusion
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ical for growth in vivo, as there is a clear obligate depen-
dency between YgjD and YeaZ for their ability to support
bacterial growth (11). Perplexingly, eukaryotic and archaeal
Kael proteins do not appear to dimerize directly either in
homotypic fashion or with an inactive structural ortholog.
Instead, Kael has the potential to dimerize by virtue of
binding the dimeric protein Pccl. Intriguingly, Kael uses
the same surface to engage Pccl that Qri7 and YgjD em-
ploy for homo and heterodimerization, respectively. While
the contacting secondary structure elements of Pccl that
binds to Kael resemble the corresponding interaction in-
frastructure in Qri7-Qri7 and YgjD—YeaZ dimers, the end
effect of dimerization on the higher order arrangement of
Kael protomers within KEOPS differs strikingly from the
higher order arrangement of Qri7 and YgjD/YeaZ proteins
in their dimer states. This dramatic difference in dimer ar-
rangement raises the critical question of what purpose the
divergent modes of dimerization serve in the t°A biosyn-
thetic mechanism.

A compelling model that accounts for the large body of
occasionally conflicting observations is that dimerization
serves to allosterically regulate the t°A catalytic function of
the Kael/Qri7/YgjD family. Such a mode of action is ex-
emplified by a subset of eukaryotic protein kinases includ-
ing the RAF, eIF2a and EGFR kinase families. Members of
these three families transition from inactive monomer to ac-
tive dimer states through direct dimerization of their kinase
domains (39-41). Once in their active dimer configurations,
each kinase protomer in the dimer is fully self sufficient for
phosphotransfer function.

Interestingly, dimer-mediated allosteric regulation of
protein kinase function has facilitated the evolution of
pseudo enzymes, which maintain the ability to dimerize
but have dispensed with the ability to carry out catalysis
(42). We speculate that the inactive bacterial ortholog YeaZ
evolved in a similar manner, where it maintained the abil-
ity to allosterically regulate YgjD through dimerization but
dispensed with its own catalytic function. Similarly, dimer
mediated allosteric regulation of protein kinases has facil-
itated the evolution of novel protein interactors that bind
the dimerization interface to regulate catalytic output (43).
By analogy, we reason that Pccl evolved as a novel pro-
tein interactor that engages the Kael allosteric surface to
replace or substitute for the necessity for Kael homodimer-
ization. This might explain our observation that while the
superdimerization of Kael (and by extension KEOPS) me-
diated by Pccl is dispensable for the t°A catalytic func-
tion of archaeal proteins, the presence of Pccl in the t°A
biosynthesis reaction is essential. In vivo in yeast, the pres-
ence of Gon7 adds another layer of complexity to the intra-
regulatory system of KEOPS. By virtue of binding to Pccl
on its homodimerization surface, Gon7 has evolved to regu-
late the ability of Pccl to form homodimers, which by exten-
sion, could regulate the dimerization of Kael and the larger
KEOPS complex (26).

Precisely how the t°A biosynthesis activity of the
Kael/Qri7/YgjD protein family is regulated by the KEOPS
subunits Pccl, Gon7, Bud32 and Cgil21 and by the bac-
terial ternary complex subunits YeaZ and YjeE remains
a mystery. This is due in great part to our limited un-
derstanding of how the Kael/Qri7/YgjD enzymes binds

Nucleic Acids Research, 2016, Vol. 44, No. 19 6979

tRNA and TC-AMP substrates and how they carry out
the t°A catalytic mechanism. High-resolution snapshots of
Kael/Qri7/YgjD in action would provide an invaluable
beachhead to unraveling the numerous open mysteries of
how the Kael/Qri7/YgjD family functions.
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