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Ribosome biogenesis in eukaryotes is a complex process that requires the participation of several acces-
sory proteins that are not part of the mature particle. Efl1 is a yeast GTPase required for the cytoplasmic
maturation of the 60S ribosomal subunit. Together with Sdo1, the yeast ortholog of the protein mutated
in the Shwachman-Diamond Syndrome (SBDS), Efl1 releases the anti-association factor Tif6 from the

Keywords: surface of the 60S subunit allowing the assembly of mature ribosomes. We characterized the structural
gTPa;e h . content and folding stability of the Saccharomyces cerevisiae and human EFL1 GTPases, as well as their
El:';]”me exchange factor enzymatic properties alone and in the presence of Sdo1 and SBDS, respectively. The human and S. cere-

visiae EFL1 GTPases are composed of a mixture of a-helices and B-sheets. Despite being orthologs, the
yeast protein elicited a non-two state thermal unfolding behavior while the human EFL1 was highly
resistant to thermal denaturation. Steady-state kinetic analyses indicated slow GTP hydrolysis for both
EFL1 GTPases, with k. values of 0.4 and 0.3 min~! and K, for GTP of 110 and 180 uM respectively. In
the presence of the effector proteins, their k., values remained unaltered while the K, decreased twofold

Shwachman-Diamond Syndrome protein

suggesting that Sdo1 and SBDS act as nucleotide exchange factors.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ribosomes are the molecular machines responsible for the
synthesis of proteins. To synthesize proteins, it is necessary to first
synthesize ribosomes. In eukaryotes, ribosome biogenesis requires
the coordinated assembly of four ribosomal RNAs and nearly 80
ribosomal proteins aided by approximately 200 assembly proteins
that are not part of the mature ribosome structure [1-3]. In
Saccharomyces cerevisiae, 20% of these assembly factors are
associated to nucleoside triphosphate hydrolyzing enzymes such
as GTPases, ATPases and kinases [4]. GTPases comprise one of the
largest class of essential ribosome assembly factors in living
organisms [5,6]. Yeast ribosome biogenesis requires the activity of
six GTPases: Bms1 for assembly of the 40S subunit [7] and Nog1,
Nog2, Nug1, Lsg1 and Efl1 for assembly of the 60S subunit [8-12].
The last two cytoplasmic maturation steps of the 60S subunit are
mediated by the GTPases Lsg1 and Efl1. The GTPase activity of Efl1
is coupled by the Sdo1 protein (the yeast ortholog mutated in the
Shwachman-Bodian-Diamond Syndrome, SBDS) to release Tif6
from the surface of the 60S subunit [11,13]. Tif6 binds to the 60S
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intersubunit bridge B6 and prevents premature association of the
ribosomal subunits [14]. Efl1 is also involved in a checkpoint that
tests the functionality of the 60S ribosomal subunits before they
enter the pool of translating ribosomes. Efl1 is homologous to the
ribosomal translocases EF-G/EF-2 and binds the 60S subunit in the
GTPase-associated center (GAC) [15,16]. In a translation-like step
similar to that mediated by EF-2 during mRNA-tRNA translocation,
Efl1 assess the correct assembly of the ribosome stalk and a loop of
Rpl10 located in the P-site triggering a GTPase-dependent
conformational change that releases Tif6 [17,18].

Amongst the proteins that bind and hydrolyze nucleoside
triphosphates; GTPases belong to the P-loop GTPase fold. GTPases
can be classified into two large classes designated as the TRAFAC
(for translation factor-related) and the SIMIBI class [19]. The
TRAFAC class comprises enzymes involved in translation, ribosome
assembly, signal transduction (Ras-like proteins and heterotri-
meric G proteins), cell motility and intracellular transport. All
GTPases have a conserved G-domain composed of five structural
motifs (G1-G5) responsible for binding the guanine nucleotides.
This domain undergoes large conformational changes during the
functional cycle of the enzyme that alternates from an inactive
state bound to GDP to an active state in complex with GTP
[20,21]. Such classical GTPases whose structures differ in the
apo-form or bound to different nucleotides comprise EF-Tu and
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p21 Ras [22,23]. However, not all studied GTPases switch confor-
mation upon nucleotide binding, instead this change is triggered
by effector biomolecules. These non-canonical GTPases include
the translocase EF-G/EF-2 [24]. The functional cycle of a GTPase
is better understood in terms of a GTP-favoring conformation and
a GDP-favoring conformation rather than GDP- or GTP-bound
states [25]. Negative regulators that increase the hydrolysis rate
of GTP are designated as GAPs or GTPase-Activating Proteins. For
many GTPases involved in translation or ribosome biogenesis, the
ribosomal subunits have been shown to be the GAP effector. On
the other hand, activating biomolecules that accelerate the ex-
change of GDP for GTP are known as GDP/GTP Exhange Factors
(GEFs). Depending on the step at which a GEF exerts its influence
they can be subdivided into two types. The Guanine nucleotide
Dissociator Stimulator (GDS) increases the rate of GDP dissociation
and the GTP Stabilizing Factors (GSF) that favors GTP binding by
shifting the equilibrium of the apo-form of the GTPase from the
GDP-conformation towards the GTP-conformation [26].

In this study, we used biophysical techniques to characterize the
human and S. cerevisiae EFL1 GTPases. Both recombinant proteins
were folded as judged by their circular dichroism spectra. Despite
both proteins being orthologs, with 40% identity and a similar
content of secondary structure, they have very different thermal
stabilities. The human protein is highly resistant to thermal dena-
turation while the yeast protein follows a complex denaturation
path best described by two transitions with two-state process. To
gain insights into the function of the EFL1 GTPases, we character-
ized their enzymatic properties in the absence and presence of their
corresponding biological partner Sdo1/SBDS. Our results showed
that in the presence of the Sdo1/SBDS proteins the K, of the EFL1
GTPases for GTP decreased twofold while the intrinsic hydrolysis
rate was not altered. These results suggest that the Sdo1/SBDS pro-
teins act as nucleotide exchange factors that stabilize binding to
GTP for the yeast and human EFL1 GTPases, respectively.

2. Material and methods
2.1. Protein expression and purification

Human SBDS (NP_057122) and S. cerevisiae Sdo1 (NP_013122)
were recombinantly expressed in Escherichia coli C41 and purified
as described in [27]. Human EFL1 (NP_078856) and S. cerevisiae
Efl1 (NP_014236) were recombinantly expressed in S. cerevisiae
and purified as described in [13]. Briefly, the SBDS/Sdo1 proteins
were cloned in the pRSET-A vector (Invitrogen) fused to a N-termi-
nal 6 x His-Tag. Protein purification consisted of an initial Ni**
affinity chromatography using a His Trap FF column (GE
Healthcare) followed by a cationic exchange chromatography
using a HiTrap SP FF column (GE Healthcare). The EFL1 proteins
were cloned into de pYES2/CT vector (Invitrogen) and expressed
with galactose in S. cerevisiae BCY123. Protein purification con-
sisted of a Ni?* affinity chromatography using a His Trap FF column
(GE Healthcare) followed by an anionic exchange chromatography
using a HiTrap Q Sepharose FF column (GE Healthcare) and a size
exclusion chromatography with a HiLoad 16/600 Superdex 200
column (GE Healthcare). Protein purity was assessed by SDS-PAGE
and the samples were stored in 50 mM Tris-HCI pH 8.0, 100 mM
NacCl, 5 mM MgCl,, 10% glycerol at —80 °C until further use.

2.2. Circular dichroism (CD)

Circular dichroism wavelength scan measurements were fol-
lowed at 25 °C with a JASCO J-720 spectropolarimeter equipped
with a Peltier temperature controller. CD spectra were recorded
using a 1 mm cuvette and a protein concentration of 0.05 mg/mL

for both human and S. cerevisiae EFL1 proteins. Scan wavelength
was followed from 260 to 190 nm, with an increase of 0.5 nm per
step, an averaging time of 5 s and a bandwith of 1 nm. Spectral data
were deconvoluted using the program CDNN [28]. The samples
were dialyzed against a buffer containing 25 mM sodium phos-
phate buffer pH 7.2, 25 mM NaCl. Temperature dependence of
ellipticity was followed at 208 nm from 20-90 °C, a bandwidth of
1 nm, a time response of 5s and a temperature gradient of 1 °C/
min. The data was fitted to a Boltzmann distribution describing a
standard two-state transition model to obtain the melting
temperature.

2.3. Differential scanning calorimetry (DSC)

DSC measurements were performed using a VP-DSC Capillary
Cell Microcalorimeter-Autosampler (MicroCal, Inc.). Samples con-
tained a protein concentration between 0.5-1.5 mg/mL and were
dialyzed against a buffer consisting of 50 mM Tris—-HCI pH 8.0,
300 mM Nacl, 5 mM MgCl,, 10% (v/v) glycerol. Samples and buffer
were degassed for 10 min before loading into the calorimetry
instrument. Buffer baselines were collected under identical condi-
tions and were subtracted from the corresponding data of the pro-
tein samples. A scan rate of 1.5°C/min was used. Calorimetric
enthalpies (AH.,;;) and Tm values were calculated by integration
of the measured heat absorption peaks after subtraction of the buf-
fer baseline. Calorimetric data were adjusted to a model of two
transitions with two states for each transition using the software
provided by the manufacturer.

2.4. Enzyme kinetics

Hydrolysis of GTP was measured by the MESG/phosphorylase
system previously described by Webb [29]. Standard reactions
consisted of 150 pL solution containing 50 mM Tris-HCl pH 7.5,
1 mM MgCl,, 0.2 mM MESG, 1.0 U purine nucleoside phosphory-
lase and the indicated amounts of GTP. Measurements done in
the presence of effector protein also contained 10 uM of Sdo1 or
SBDS. At this concentration of effector protein more than 98% of
the GTPase is bound to it (data not shown). Reactions were initi-
ated by adding a final concentration of 3 uM of the corresponding
GTPase. Time courses were followed by recording the change in
absorbance at 360 nm in a Cary®50 UV-Vis spectrophotometer
(Agilent Technologies). Background absorbance was recorded prior
to the addition of the GTPase and subtracted from the sample sig-
nals. The phosphorylase coupled reaction is extremely fast, and
thus the slope of the measured time course is proportional to the
hydrolysis rate of the tested GTPase. The concentration of phos-
phate ions released in the reaction was estimated considering a
molar absorption coefficient at 360 nm of 14,386 M~! cm™! ob-
tained from our experimental standard curve. Kinetic data were
analyzed by nonlinear regression to the Michaelis-Menten equa-
tion with the program Kaleidagraph 4.1.3 (Synergy Software).

3. Results and discussion
3.1. Secondary structure and stability analysis of the EFL1 GTPases

We studied the structural content of the human and S. cerevisiae
EFL1 by circular dichroism. This technique is a sensitive spectro-
scopic method for analyzing the secondary structure and the ther-
mal stability of proteins. The far-UV CD spectra for the human and
S. cerevisiae EFL1 consisted of the typical signature of mixed sec-
ondary structure (negative bands at 222 and 208 nm for a-helices
and a negative band at 217 nm for B-sheets). Both spectra had the
same overall shape with a pronounced minimum at 208 nm, a less
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marked minimum at 222 nm and a positive signal at 200 nm. This
suggests that the secondary structure content for both GTPases
consist of a mixture of a-helices and B-sheets whose signals mask
each other resulting in a plateau rather than the characteristic min-
ima (Fig. 1). Deconvolution of both CD spectra resulted in a second-
ary structure content of 37% and 34% of a-helix, and 15% and 17%
of B-sheet for the yeast and human EFL1 proteins respectively.
These values agree well with the secondary structure content ob-
tained from the crystallographic structure of the homolog protein
EF-2 (PDB:1NOV) corresponding to 38% of o-helix and 23% of B-
sheet. The CD signal of human EFL1 did not change markedly with
increasing temperature and lacked any cooperative transition. The
linear shape of the spectrum with a slight positive slope and a CD
signal of —15,000 degree cm? dmol~! obtained at the highest tem-
perature reached in the experiment suggested that unfolding did
not occur. The trace obtained from the cooling down experiment,
however, did not overlap with that of the heating up suggesting
that some secondary structure was lost by the temperature treat-
ment and unfolding was not reversible (Fig. 2A). The same results
were obtained when monitoring the thermal denaturation of hu-
man EFL1 using differential scanning calorimetry (data not shown).
On the other hand, the temperature dependency against the CD
signal for the yeast EFL1 described a sigmoidal curve and thus elic-
ited a cooperative denaturation transition. The denaturation pro-
cess comprised an interval of temperature of 35 °C and it was not
reversible (Fig. 2B). Data were fitted to a two-state transition mod-
el to obtain the apparent parameters that described the process.
The apparent temperature of unfolding of the yeast EFL1 corre-
sponded to 51°C with an apparent van’t Hoff enthalpy of
32.3 kcal mol~'. The CD signal at the end of the process did not
reach values close to zero, instead it still consisted of a large value
—8000 degree cm? dmol ! suggesting that not all the secondary
structure was lost even at high temperaures. To validate this
assumption, we further monitored the denaturation process using
differential scanning calorimetry (Fig. 2C). The DSC trace displayed
two transitions, the first one started at a temperature of 38 °C with
the second ending close to 75°C. This denaturation interval
(~37 °C) coincided with that previously observed in the circular
dichroism experiment. As it happened with the thermal denatur-
ation of yeast EFL1 followed by circular dichroism, the DSC
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Fig. 1. Far-UV circular dichroism spectra of S. cerevisiae EFL1 (black) and human

EFL1 (grey). Inset shows an SDS-PAGE of the purified recombinant proteins used in
this study. M - Molecular weight marker, sc - S. cerevisiae, hs - human.
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Fig. 2. Thermal stability of S. cerevisize and human EFL1. (A) Temperature
dependence of the molar ellipticity of human EFL1. The white trace corresponds
to the heating of the sample from 20 to 90 °C and the black trace corresponds to the
cooling of the sample after heating. (B) Temperature dependence of the molar
ellipticity of S. cerevisiaze EFL1. The white trace corresponds to the heating of the
sample from 20 to 90 °C and the black trace corresponds to the cooling of the
sample after heating. Solid line represents the fit to a two-state denaturation
process. (C) DSC thermograms of S. cerevisiae EFL1 denaturation. The white trace
corresponds to the heating of the sample from 20 to 75 °C and the black trace
corresponds to the rescan of the sample after heating it. Solid line represents the fit
to a two-transition model with two-states for each transition.
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experiment showed also an irreversible process. Data best de-
scribed a two-transition model with two-states for each transition
(N -1 U) and different C,. The apparent melting temperatures
corresponded to 54 and 64 °C for the first and second transition
respectively. Interestingly, the average of these two transition tem-
peratures (59 °C) is very close to that observed when fitting the CD
data to a two-state model. The apparent calorimetric enthalpies
for both transitions corresponded to AHc, =56 kcal mol~! and
AHca2 =85 kecal mol~!. These results suggest a non-two state
thermal unfolding behavior for the yeast EFL1. Furthermore,
unfolding most likely involves the formation of unfolding interme-
diates since the van’t Hoff enthalpy is smaller than the calorimetric
enthalpy (AH,y=32kcal mol~!' < AH, =141 kcal mol™1). A
homology-based model of S. cerevisiae EFL1 using the crystallo-
graphic structure of EF-2 showed that the EFL1 protein also
consists of 5 domains [17]. In this model, the interface between do-
main III:V is crucial for the conformational changes predicted to
occur in EFL1 with domains I-II pointing to one side of the mole-
cule and domain IV to the opposite. This structural organisation
with interlocked domains may explain the presence of unfolding
intermediates observed for the yeast EFL1.

The results presented in this section demonstrate that human
and yeast recombinant EFL1 GTPase are folded and their secondary
structure consists of a mixture of a-helices and B-sheets. Despite
sharing a similar content of secondary structure and 40% identity,
they have very different thermal stabilities. The human EFL1 is
highly resistant to thermal denaturation while the yeast protein
unfolds in a complex process that involves the presence of unfold-
ing intermediates.

3.2. Kinetic studies of the EFL1 GTPases and the SBDS/Sdo1 effector
protein

The MESG/purine phosphorylase assay was used to measure the
kinetics of PO} release from GTP hydrolysis by the EFL1 GTPases.
Steady-state kinetic analyses in the presence of 1mM Mg*
revealed slow but saturable kinetics of GTP with the concomitant
production of inorganic phosphate (Fig. 3 and Table 1). Activity
time courses showed more than 10 turnovers per active site.
Values of ke and K, were 0.47 min~' and 110 uM for the
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S. cerevisiae EFL1, and 0.27 min~! and 176 uM for the human
EFL1. These results suggest that the yeast EFL1 is a slightly better
catalytic enzyme than its human counterpart. The steady-state
rates of GTP hydrolysis observed for the EFL1 proteins are compa-
rable to those of other ribosomal GTPases such as yeast Nug1 and
its bacterial homolog RbgA [8,30]. Compared to some small GTPas-
es that perform single-turnover in the presence of Mg?* and
necessarily require the interaction with effector biomolecules to
be activated [31], most ribosomal GTPases release GDP spontane-
ous and may not need a dedicated GEF [5]. The observation of
mutiple turn-over reaction for the EFL1 GTPases suggest that re-
lease of GDP is spontaneous with a low binding affinity. Indeed,
we have evidence that the EFL1 dissociation constants for GDP
are in the hundred of micromolar for both the human and the yeast
proteins (unpublished results).

As evidenced here and in other reports, ribosomal GTPases are
not elated enzymes with ke, values of only 0.1-0.5 min~". This slow
activity does not match the scale of their cellular function, since
growing cell contains 200,000 ribosomes synthesized at a rate of
2000 ribosomes per min [32]. However, they are still good catalysts,
in particular if we compare their k., values with the first-order rate
constant of the corresponding uncatalyzed reaction in water. The
first-order rate enhancement, Kcq¢/Kuncar Obtained for both the yeast
and human EFL1 GTPases suggest that these enzymes accelerate
GTP hydrolysis by 10° (Table 1). Previous reports suggested that
in the presence of Sdo1/SBDS the corresponding EFL1 protein elic-
ited a net increase in activity [13,15]. These studies, however, did
not address at which step of the catalytic pathway the Sdo1/SBDS
proteins are exerting its influence. In this work, kinetics of the
EFL1 GTPases perfomed in the presence of saturating concentra-
tions of Sdo1 and SBDS showed that k., values remained unaltered
while the K;;, was reduced in half for both the yeast and the human
EFL1 proteins (Fig. 3 and Table 1). Control experiments done with
the Sdo1 and SBDS proteins alone did not show any change in the
absorbance at 360 nm suggesting that no hydrolysis had occured
(Fig. 3). The change in K, could only have occured due to a change
in the enzymatic properties of the EFL1 GTPases. This change in the
K, suggests that the Sdo1 and SBDS proteins act as guanine ex-
change factors or GEFs for the S. cerevisiae and human EFL1 GTPases
respectively. If we consider a three-step reaction mechanism like
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Fig. 3. Determination of the kinetic parameters catalyzed by the S. cerevisiae (A) and human EFL1 (B) GTPases. (o) GTPase, (M) GTPase in the presence of effector protein, (¢)

effector protein alone. Solid lines represent the fit to the Michaelis-Menten equation.
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Table 1

Summary of kinetic data for the activities of the S. cerevisiae (sc) and human (hs) EFL1 GTPases on their own and in the presence of their corresponding effector protein.

Vinax (LM/min) Kip (LM) Keqe (min~1) keat/Km (M~1s71) First-order rate enhancement®(Keae/Kuncar)
scEFL1 1.4 £0.07 110+ 16 0.47 £0.02 71+£11 2 x 10°
scEFL1 + Sdo1 1.3+£0.05 60+8 0.43 +£0.02 11816 1.9 x 10°
hsEFL1 0.8 £0.06 176 +37 0.27 £0.02 26+6 1.2 x 10°
hsEFL1 + SBDS 0.8 +£0.03 83+9 0.27 £0.01 54+6 1.2 x 10°

 Kuncar is the rate constant for the uncatalyzed hydrolysis of MgATP?~ [38], as to date no reports exist for the uncatalyzed hydrolysis of MgGTP?~.

the one described below in which release of the inorganic phos-
phate renders the equilibrium irreversible in one direction

ks ks k;
E +GTP > E-GTP "\ E-GDP E + GDP
k. PO4? ks

and whose kinetic parameters for the forward reaction are defined
as follow:

kcat = (kzkg)/(kz + kg) Km(GTP)
= (k,] kg) + (kzk3)/k,1 (kz + k3) [33]

shows that the only microscopic rate constant that can be modified
due to the prescence of Sdo1/SBDS is k_;. The quotient of k_; and k;
describes the dissociation constant for GTP binding. Thus, a
decrease in the K, values (with no change in k.;) mediated by
the Sdo1 and SBDS proteins suggest that they are GEFs specifically
functioning as guanine stabilizing factors or GSFs for the EFL1 GTP-
ases. The only GSF modulator described for a ribosomal GTPase is
Rcl1 for Bms1 [7]. The list of GSF modulators for translation GTPases
is more extense. Aminoacyl-tRNA acts as a GSF for EF-Tu/eEF1A [34]
just as initiator tRNA serves for alF2 [35] and the pretranslocation
complex is for EF-G [36]. Coincidentally, it has been proposed that
the shape of the SBDS protein resembles that of a tRNA [27,37]
and EFL1 may function analogously to EF-G/tRNA in a transloca-
tion-like step to release SBDS and elF6 (Tif6).

Steady-state enzyme kinetics demonstrated that the yeast and
human EFL1 GTPases are capable of multiple turnovers. Character-
ization of the kinetic parameters of these GTPases in the presence
of their corresponding effector proteins, Sdo1 and SBDS, suggests
that the latter act as nucleotide exchange factors stabilizing the
binding of GTP to EFL1.
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