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Abstract

Stress proteins promote cell survival by monitoring protein homeostasis in cells and organelles. YcjX is a
conserved protein of unknown function, which is highly upregulated in response to acute and chronic stress.
Notably, heat shock induction of ycjX exceeded even levels observed for major stress-induced chaperones,
including GroEL, ClpB, and HtpG, which use ATP as energy source. YcjX features a Walker-type nucleotide-
binding domain indicating that YcjX might function as a molecular chaperone. Here, we present the first crystal
structure of YcjX from Shewanella oneidensis solved at 1.9-A resolution by SAD phasing. We show that YcjX
is a GTP-binding protein that shares at its core the canonical alpha-beta domain of p21™° (Ras). However,
unlike Ras, YcjX features several unique insertions, including an entirely a-helical domain not previously
observed in Ras-like GTPases. We note that this helical domain is reminiscent of a similar domain in the Ga
subunit of heterotrimeric G proteins, supporting a potential role for YcjX as a signal transducer of stress
responses. To elucidate the mechanism of GTP hydrolysis, we determined crystal structures of YcjX bound to
GDP and GDPCP, respectively, which crystallized in three different nucleotide switch conformations.
Supported by targeted mutagenesis experiments, we show that Y¢jX utilizes a non-canonical switch 2" motif
not previously observed in Ras-like GTPases. Together, our structures provide atomic snapshots of YcjX in
different functional states, illustrating the structural determinants for stress signaling.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

The ability of cells to survive exposure to acute and
chronic stress is essential to organismal health. To
cope with different stress conditions, cells have
evolved sophisticated surveillance mechanisms
that control transcriptional responses and upregulate
the expression of stress proteins to maintain
proteostasis inside the cell [1]. Global reexamination
of transcription patterns in Escherichia coli led to
the identification of ycjX [2,3], whose mRNA level
was induced greater than 39-fold in response to
protein unfolding, exceeding even that of ATP-
dependent molecular chaperones such as groEL
(38-fold), clpB (37-fold), and htpG (34-fold) [4]. YciX

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

gene expression was also found to be highly
upregulated under conditions of nitrogen starvation
[5], indicating that YcjX is a general stress-response
protein.

To inform on YcjX's biological function, we
determined the high-resolution crystal structure of
YcjX from Shewanella oneidensis, a facultative
gram-negative bacterium known for its ability to
reduce and absorb heavy metal ions. The structure
was solved at 1.9-A resolution by seleno-methionine
(Se-Met) SAD phasing and revealed that YcjX
shares at its core the GTP-binding domain of p21°
(Ras) but has several unique insertions, including a
large a-helical domain not previously found in Ras-
like GTPases. A hallmark of Ras GTPases and other
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Fig. 1. YcjX is a monomeric GTP hydrolase. (a) Organization of the ycjXF gene cluster in gram-negative bacteria. (b)
Analytical size-exclusion chromatogram shows that YcjX is a 58.3-kDa monomer in solution. (c) YcjX hydrolyzes GTP but
not ATP and requires magnesium ions for catalysis. Averages of three independent measurements (n = 3) + SD are

shown.

guanine nucleotide-binding proteins (G proteins)
is the conservation of sequence motifs, termed G1
to G5, which are essential for GTP binding,
hydrolysis, or both. Structural comparison of both
Ras-like GTPases and heterotrimeric G proteins in
the tri- and di-phosphate states has confirmed that
functionally important conformational changes
during the GTP-GDP transition are confined to
the conserved switch 1 (G2) and switch 2 (G3)
motifs [6,7], which signal the nucleotide-bound
status.

In the crystal, YcjX is bound to GDP that co-
purified from the expression host. Surprisingly,
closer inspection revealed that we had determined
two different GDP-bound structures (GDP-Form |
and GDP-Form 1), which differed only in their
nucleotide switch conformation. In addition to the
inactive GDP-bound states, we also present the 2.2-
A resolution crystal structure of YcjX bound to
GDPCP that mimics the GTP-bound state. Remark-
ably, our structures together with targeted mutagen-
esis experiments revealed that in addition to the
conserved switch 1 and switch 2 motifs, YcjX utilizes
a novel switch 2" motif not previously observed in any
other G protein. We propose that the three YcjX
conformations represent snapshots of different
functional states that together provide the structural
basis for signal transduction.

Results

YcjX is a conserved stress protein in gram-
negative bacteria

Transcription of the ycjX gene is under control of
the 0% regulon that regulates the expression of
several stress proteins (Fig. 1a), including stress-
induced chaperones [8] and regulators of protein
translation [9]. InterPro [10] classifies YcjX as a
member of the PIRSF019381 superfamily that is
ubiquitously found in gram-negative proteobacteria
but is largely absent from gram-positive bacteria.
YcjX consists of ~485 amino acids comprising the
DUF463 domain of unknown function and features a
canonical Walker A sequence motif [11], classifying
YcjX as a phosphate-binding (P)-loop-containing
nucleoside triphosphate hydrolase. Interestingly,
the ycjX gene is always found upstream of ycjF,
which codes for an integral membrane protein
specifically expressed during bacterial septicemia
[12]. Furthermore, it was noted that the ycjXF pair is
frequently located adjacent to the psp operon, which
contains genes that code for components of the
phage-shock-protein (Psp) stress response [13,14].
In E. coli, the Psp stress response system is
responsible for repairing damage to the inner
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Table 1. Data collection, phasing, and refinement statistics

Data collection YcjX Fig7up218G YciX F1s7Up218G YciX Fig7Up218G YcjX
GDP (Se-Met) GDP: Form | GDP: Form Il GDPCP
Space group P2,22, P2,242, P2,22, P2,2,2,

Cell dimensions

a, b, c(A) 62.54, 130.19, 140.26 59.31, 133.94, 144.62 59.39, 134.10, 145.02 59.47, 128.26, 148.06

aBy(®) . 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Wavelength (A) 0.9794 0.9794 0.9794 0.9794
Resolution (A) 50-2.66 50-1.92 50-1.95 50-2.22

(2.71-2.66)% (1.95-1.92)* (1.98-1.95)% (2.26-2.22)*

Unique reflections 34,177 88,457 78,678 54,859
Rsym OF Rmerge 0.079 (0.677) 0.054 (0.638) 0.039(0.435) 0.113 (0.893)
lal 27.2 (2.0) 28.3 (2.0) 41.0 (2.4) 19.0 (2.2)
Completeness (%) 99.5 (96.0) 99.3 (91.6) 92.2(61.4) 98.6 (93.3)
Redundancy 6.2 (4.4) 6.1 (4.9) 5.8 (3.9) 6.4 (4.3)
Refinement
Resolution (A) 47.71-2.66 45.86-1.92 45.94-1.95 46.36-2.22
No. reflections 31,782/2,845 80,503/3,225 72,649/3,030 47,829/3,179
Ruwork! Riree 0.2246/0.2784 0.1801/0.2228 0.1621/0.2046 0.1781/0.2170
No. atoms 6,816 7,976 7,894 7,497

Protein 6,584 7,241 7,219 7,155

Ligand/ion 56 56 56 60

Water 176 679 619 282
B-factors 35.33 34.40 32.33 46.40

Protein 35.35 34.15 32.15 46.66

Ligand/ion 41.62 25.29 18.54 38.19

Water 32.26 37.85 35.73 41.76
R.m.s. deviations_

Bond lengths (A) 0.003 0.004 0.004 0.003

Bond angles (°) 0.715 0.664 0.672 0.577

@ Values in parentheses are for highest-resolution shell.

membrane and for maintaining the proton-motive
force [14]. Because conservation of prokaryotic gene
clusters between genomes is a strong indicator of
functional association [15], it is tempting to speculate
that the YcjXF pair may work together with the Psp
system in maintaining inner membrane function
during envelope stress [16].

YcjX is a GTP hydrolase

Despite being a major stress protein, the three-
dimensional structure of YcjX has remained elusive.
A structure-prediction search of the Protein Data
Bank using HHpred [17] did not reveal a homologous
protein of known structure, prompting us to pursue
the crystal structure determination of YcjX. Owing to
our interest in S. oneidensis, we amplified the open
reading frame of S. oneidensis ycjX from genomic
DNA and cloned the gene into a customized vector
to facilitate the soluble overexpression of Y¢jX in E.
coli. YcjX was purified using a three-step column
chromatography procedure followed by size-
exclusion chromatography (Fig. 1b). The SEC-
MALS analysis showed that Y¢jX elutes as a 58.3-
kDa protein, which is similar to its calculated
molecular weight of 54.6 kDa, indicating that YcjX
is a monomer in solution. In addition, because P-loop
containing proteins typically bind ATP or GTP, we
determined the ability of YcjX to hydrolyze nucleo-

tides in the absence or presence of 5 mM MgCl,. We
found that only in the presence of magnesium ions
does YcjX slowly hydrolyze GTP, but not ATP
(Fig. 1c), demonstrating that YcjX is not an ATPase.

Crystal structure of S. oneidensis YcjX

S. oneidensis YcjX was crystallized at 14 °C by
the hanging-drop vapor diffusion method. We
obtained crystals under a wide variety of different
chemical conditions irrespective of what guanine
nucleotide, if any, was added. We used 20 crystals
for structure analysis, each one obtained under
different crystallization conditions. Although crystals
were non-isomorphous, they all belonged to the
same space group, P242,24, with two molecules of
YcjX in the crystallographic asymmetric unit
(Table 1). For each crystal, mol-A superposes onto
mol-B with an RMSD of only 0.55 + 0.07 A over 417
Ca atoms, indicating that the two molecules are
largely identical. The experimental map enabled
tracing of all residues except for the 18 N-terminal
amino acids in mol-A and the first 23 amino acids in
mol-B, as well as a loop region consisting of residues
57-65 that was disordered in both YcjX copies.

Each YcjX molecule shares at its core the
monomeric GTPase domain of Ras, featuring
the canonical P-loop (residues 33-40), switch 1
(residues 110-120), and switch 2 (residues 148—
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Fig. 2. YcjXis a conserved stress-induced protein in gram-negative bacteria. Multiple-sequence alignment of YcjX from

S. oneidensis (So), Haemophilus influenzae (Hi), E. coli (Ec),

Vibrio cholerae (Vc), Brucella melitensis (Bm), and

Ketogulonicigenium robustum (Kr). Conserved and similar residues are highlighted in green and yellow, respectively. The
dot marks every 10th amino acid. Secondary structure elements are shown as helices (a-helix) and arrows (3-strand), and
are colored according to domain assignment: GTPase domain in cyan, N-terminal insertion in orange, a-helical insertion in
yellow, and C-terminal insertion in purple. The same colors are used throughout in all figures.

152) motifs required for GTP binding and hydrolysis
(Fig. 2). The core domain consists of a six-stranded
B-sheet with five strands running parallel and
one (B3) running antiparallel to the others and is
flanked by a-helices on either surface (Fig. 3a and
b). Interestingly, the YcjX core domain features both
an N-terminal alpha-beta-alpha insertion (residues
53-109) preceding switch 1 and a C-terminal alpha-

beta domain insertion (residues 401-470) that
deviates from the canonical Ras fold (Fig. 3b). In
the crystal structure, the C-terminal insertion wraps
around the core domain, placing the N- and C-
termini in close proximity, ~15 A apart (Fig. 3a).
Most strikingly, instead of the conserved helix 2 of
Ras (Fig. 3c), Y¢jX features a ~131-amino-acid, a-
helical domain comprising residues 153-283 (Fig.
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Fig. 3. Crystal structure of YcjX. (a) Ribbon diagram of YcjX with secondary structure elements colored according to
domain assignment. Locations of the P-loop, switch 1, switch 2, and switch 2" are shown. GDP is depicted as stick model.
(b) Topology diagram of YcjX. Secondary structure elements are shown as blue helices (a-helix) and orange arrows (3-
strand). The N-terminal (orange), helical (yellow), and C-terminal insertions (purple) not found in other G proteins are
shaded. (c) Ribbon diagram of human K-Ras bound to GDP (PDB ID: 5W22) [31]. (d) Ribbon diagram of the Ga subunit of
bovine Transducin bound to GDP (PDB ID: 1TAG) [18]. (e) Ribbon diagram of the two copies of YcjX in the crystallographic

asymmetric unit. GDP is shown as CPK model.

3a and b). The helical domain insertion immediately
follows switch 2 and features a mobile loop flanked
by short a-helices, which we term switch 2’ (residues
234-239). We note that the helical domain insertion
in YcjX resembles the helical domain of the a-
subunit (Ga) of Transducin [18] (Fig. 3d) but is found

in a different location in the three-dimensional
structure (Fig. S1). In Ga, the helical domain
precedes switch 1 and clamps the nucleotide in a
deep cleft, which was proposed to account for the
negligible thermal exchange rate of bound nucleo-
tide [6]. To our knowledge, YcjX is the first example
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and GDP-Form II. The simulated annealing composite omit maps are shown as gray mesh and are contoured at 1.5 o. (b)
Ribbon diagram of Yc¢jX GDP-Form Il with close-up view of the nucleotide-binding site. Switch 1 and switch 2’ are in the
“OFF/ON” position. The schematic diagram depicts all polar interactions between YcjX and bound GDP. (c) Close-up view
of the nucleotide-binding site of YcjX GDP-Form I. Switch 1 and switch 2" are in the “ON/OFF” position. Polar interactions
that differ between GDP-Form | and GDP-Form Il are colored in the schematic diagram.

of a bacterial G protein featuring a helical domain
insertion outside the Ga subunit (Fig. S2). In the
crystal structure of Yc¢jX, the helical domain stacks
against the core domain of its symmetry neighbor
(Fig. 3e). Because YcjX is a monomer in solution
(Fig. 1b), the observed interaction is non-
physiological but could be indicative of binding to
an unknown effector protein.

The GDP-bound conformation

YcjX crystallized with two copies in the asymmetric
unit. Surprisingly, both Yc¢jX monomers are bound to
GDP even when no nucleotide was added for
crystallization, suggesting that GDP co-purified
from the expression host. Addition of GDP or
GDPeAIFx during crystallization yielded similar
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(b) Ribbon diagram of YcjX*GDPCP. The inset shows an enlarged segment of the nucleotide binding site with switch 1 and
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change into the inactive state.

crystals, with crystals diffracting to 1.95-A resolution
or better (Table 1). However, in all cases, only bound
GDP was observed in the electron density with the
guanosine moiety sandwiched between the side
chains of Trp110 and Lys355 (Fig. 4a). The peptide
NH groups of Ala396 and 1le397 confer base

specificity by donating hydrogen bonds to the 6-
0xo substituent of the guanine base, with the Asp357
side chain and lle397 main chain carbonyl accepting
a hydrogen bond from the 2-amino group and the N1
amine, respectively. In addition, the side chain of
His358 in its protonated form can donate a hydrogen
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bond to the 2-amino group of the bound guanine
nucleotide (Fig. 4b and c). The phosphate moiety of
GDP is clamped between switch 1 and P-loop
residues 36—41 with the side chain OH of Ser113
and the main chain NH of both Thr40 and Ala41
donating hydrogen bonds to the a-phosphate. In
addition, the main chain NH of Gly36, Gly38, Lys39,
and Thr40 along with the side chains of Lys39 and
Thr40 donate hydrogen bonds to the -phosphate of
GDP (Fig. 4b and c). Surprisingly, we did not
observe a bound magnesium ion coordinating the
a- and B-phosphates of GDP in any of the 20 refined
crystal structures of YcjX determined during the
course of this work (Fig. S3). However, lack of Mg?*
binding is not unprecedented and a bound Mg?* is
also not observed in crystal structures for the Ras-
related ARL3 [19] and MgIA GTPases [20]. Although
a majority of G protein structures contain a bound
magnesium ion [7], it appears that Mg?* is dispens-
able for nucleotide binding by YcjX.

Structures of YcjX*GDP in two different switch
conformations

Surprisingly, we found that YcjX crystallized in two
different GDP-bound conformations (GDP-Form |
and GDP-Form Il). Although each Form | monomer
superposed pairwise onto a Form Il monomer with
an RMSD of only 0.59 + 0.12 A over 415 Ca atoms,
the GDP-Form | and GDP-Form Il conformers
differed in their respective switch 1 and switch 2’
conformations (compare Fig. 4b with ¢). No struc-
tural differences in the canonical switch 2 region
were observed. Switch 2' is located within the novel
helical domain insertion and is adjacent to switch 2 in
the three-dimensional structure. In GDP-Form II, the
side chain of the conserved Thr114 (switch 1) faces
away from the a/B-phosphate, resembling the switch
1 conformation of the GDP-bound state in the crystal
structure of the Ga subunit of Transducin [18]. While
switch 1 is in the so-called “OFF” state, the Arg115
side chain donates a hydrogen bond to the main
chain carbonyl of Leu234 and is in van der Waals
contact with Pro236, pulling switch 2' toward the
bound nucleotide as might be expected for an
activated “ON” state. The conformation of switch 2’
is further stabilized by two water-mediated interac-
tions of the peptide carbonyl of Pro236 with the main
chain carbonyl of Arg115 and the side chain of
Thr116 (Fig. 4b).

In GDP-Form |, the switch 1 region is pulled toward
the bound nucleotide with both the peptide NH and
side chain OH of the conserved Thr114 donating
hydrogen bonds to the B-phosphate. Notably, this
switch 1 conformation is similar to the activated “ON”
state of the Ga subunit with triphosphate [6] and
contrasts the aforementioned switch 1 conformation
in GDP-Form II. Concomitant with an alternate
switch 1 conformation, Pro236 is flipped, resulting

in a conformational change of switch 2’ (Fig. 4c).
Now, the peptide NH of Gly237 makes a water-
mediated contact with the main chain carbonyl
of Arg115, whose side chain is moved away from
the bound nucleotide, reminiscent of the inactive
“OFF” state.

Taken together, we observed two different
YcjXeGDP conformations, representing structures
of the ON/OFF (GDP-Form I; Fig. 4c) and OFF/ON
state (GDP-Form II; Fig. 4b). Other segments of the
YcjXeGDP structure, including the P-loop and switch
2 region, remain unchanged.

The GTP-bound conformation

It is entirely fortuitous, although not surprising, that
YcjX crystallized with bound GDP. It was previously
reported that bacterially expressed, recombinant
Ras co-purified with GDP, which thereby may have
stabilized the protein [21]. Owing to the high affinity
of YcjX for guanine nucleotide, our attempts to
crystallize YcjX with other nucleotides by nucleotide
addition were unsuccessful.

To determine the crystal structure of Y¢jX in the
GTP conformation, we pretreated YcjX with alkaline
phosphatase in the presence of GDPCP. It was
previously shown that this procedure removes tightly
bound guanine nucleotides from GTP-binding pro-
teins and replaces it with GTP analogs resistant to
alkaline phosphatase treatment [21,22]. Following
this procedure, we obtained crystals of YcjXe«GDPCP
and determined its structure at 2.2-A resolution by
molecular replacement (Fig. 5a). Although
YcjXsGDPCP crystallized under chemically distinct
conditions, the crystals belonged to the same
orthorhombic space group with similar unit cell
dimensions, containing two molecules in the asym-
metric unit. The simulated annealing composite omit
map clearly shows the y-phosphate group of
GDPCP bound to mol-A (Fig. 5a). However, the y-
phosphate group of the bound nucleotide is only
partially visible in mol-B and was therefore modeled
as GDP. We speculate that this heterogeneous
occupancy may have resulted from an incomplete
nucleotide exchange procedure. Similar to the
crystal structure of the GDP-bound states, we did
not observe bound Mg2+ in either mol-A or mol-B,
indicating that magnesium is dispensable for nucle-
otide binding, consistent with previous reports for
selected monomeric GTPases [19,20].

Pairwise comparison of mol-A and mol-B shows
that the two structures are nearly identical (RMSD of
only 0.60 A) but differ in their switch 2’ conforma-
tions. Mol-B is highly similar to the structure of GDP-
Form | with switch 1 and switch 2" in the ON/OFF
state. However, in mol-A, switch 1 and switch 2’ are
in the ON/ON conformation as would be expected for
the activated GTP-bound state, with the main chain
NH of both Thr114 and Arg115 and the side chains
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of Lys39 and Arg115 donating hydrogen bonds to
the y-phosphate (Fig. 5b). Glu152 (switch 2) makes
an important water-mediated contact with the y-
phosphate of the bound GDPCP. No other changes
in the P-loop or switch 2 conformation are observed.
To determine whether the non-canonical switch 2’
motif is essential for catalysis, we created YcjX with
mutations at Leu235, Pro236, or Trp239 to alanine
and examined the ability of these single-point
mutants to hydrolyze GTP. We found that the
L235A and W239A mutants abolished or significant-
ly impaired the GTPase activity similar to levels
observed with the P-loop (K39A) and switch 2
(E152A) mutants, respectively (Fig. 5c). As antici-
pated, mutating the invariant Thr114 (switch 1)
completely abolished GTP hydrolysis. In contrast,
the P236A mutant stimulated the YcjX's GTPase
activity 1.8-fold (Fig. 5¢). Although the nature of this
stimulation remains unclear, our findings demon-
strate that all three nucleotide switch motifs of Yc¢jX
are mutationally sensitive, consistent with a key role
in GTP binding, hydrolysis, or both.

Discussion

The crystal structure of YcjX provides the first
atomic snapshot of a member of the DUF463 family
of stress-activated proteins ubiquitously found in
gram-negative proteobacteria (Fig. 2). We show that
YcjX is not an ATPase, but a GTP-binding protein.
Because molecular chaperones typically harness
ATP as energy source, our findings argue against
the notion that YcjX plays a direct role in protein
folding. YcjX shares the GTP-binding domain of
Ras at its core but features several novel insertions,
including an a-helical domain not found in other
monomeric GTPases. In this regard, the structure of
YcjX is reminiscent of the Ga subunit in hetero-
trimeric G proteins [6,23], although the topology and
location of the helical domain insertions are
different.

Structural analysis of G proteins in their di- and tri-
phosphate states has previously showed that
guanine nucleotide-dependent changes in protein
conformation are confined to the evolutionary
conserved switch 1 and switch 2 motifs [7,23].
While the YcjX switch 1 conformation in the GDP-
“OFF” and GDPCP-“‘ON” states resembles the
switch 1 conformation in the crystal structures of
Transducin Ga with di- or triphosphate [6], no
conformational changes in switch 2 are observed.
Observed differences are confined to the conserved
switch 1 motif and the novel switch 2" motif that is
located within the a-helical domain outside of the
canonical Ras fold. Our targeted mutagenesis
confirmed the catalytic importance of the switch 1
and switch 2" motifs (Fig. 5c¢). This finding was
unexpected and suggests that YcjX utilizes a non-

canonical nucleotide switch mechanism, distinct
from the evolutionary conserved model [7,24].

We propose that the three distinct YcjX conforma-
tions in the ON/OFF (GDP-Form 1), ON/ON
(GDPCP), and OFF/ON state (GDP-Form II) repre-
sent snapshots of different functional states during
the GTP hydrolysis cycle (Fig. 5d). In our model, the
structure of the inactive OFF/OFF state would be
represented by nucleotide-free YcjX, which is never
observed due to the high affinity of YcjX for GDP
present in cells or from GTP that is readily
hydrolyzed [7]. Hence, the basal state with GDP
essentially represents the structure of inactive Yc¢jX
under physiological conditions. YcjX activation re-
quires binding of guanine triphosphate and is likely
catalyzed by a guanine nucleotide-exchange factor,
whose identity remains unknown (Fig. 5d). Following
GTP hydrolysis, switch 1 returns to its inactive state
depicted by GDP-Form II, which may represent a
post-hydrolysis conformation.

Although our model is consistent with the known
role of guanine nucleotides in G protein activation,
we cannot rule out the possibility of spontaneous
switching between GDP-Form | and GDP-Form I,
which may exist in equilibrium. Nevertheless, it is
already apparent that YcjX differs from Ras-like
GTPases by utilizing a non-canonical switch 2" motif
not found in other G proteins. In light of the close
gene association between ycjX and ycjF (Fig. 1a), it
is tempting to speculate that YcjX may function as a
transducer of transmembrane receptor-generated
stress response signals, akin to the role of Ga in G-
protein-coupled receptor signaling, which is subject
to further investigation.

Materials and Methods

Cloning

The ORF of yc¢jiX (SO1810) was PCR amplified
from S. oneidensis strain MR-1 genomic DNA
(American Type Culture Collection). YcjX was
cloned into a modified pPROEX Htb vector harboring
a TEV protease cleavable, N-terminal Hise-SUMO
tag. DNA sequencing revealed two unintended
mutations, F187L and D218G, which were corrected
by QuikChange site-directed mutagenesis to make
the wild-type protein. All YcjX mutants were gener-
ated from the wild-type gene using QuikChange.

Protein expression and purification

pHisg-SUMO-Yc¢jX was freshly transformed into E.
coli BL21-CodonPlus(DE3)-RIL cells. Cultures were
grown from a single colony at 37 °C in LB medium to
an ODggo of 0.5-0.6 and cooled down to 16 °C. Y¢jX
expression was induced with 0.3 mM IPTG, and cells
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continued growing for an additional 14 h before
harvesting. The cell pellet was resuspended in lysis
buffer [25 mM Tris (pH 8.0), 300 mM NaCl, 30 mM
imidazole, 5 mM -mercaptoethanol] and lysed using
a microfluidizer processor. The cleared lysate was
applied to a pre-equilibrated Ni-sepharose HP column
(25 ml) and washed with 30 column volumes of lysis
buffer. YcjX was eluted over a linear gradient of 30—
300 mM imidazole. After elution, the N-terminal Hisg-
SUMO tag was cleaved off overnight and dialyzed
against 256 mM Tris (pH 8.5), 200 MM NaCl, and
5 mM B-mercaptoethanol. The dialyzed sample was
reapplied onto a Ni-sepharose HP column to remove
the liberated His-tag, His-TEV protease and any
uncleaved protein. YcjX was further purified on a
Mono-Q column (GE Healthcare) and eluted over a
linear gradient of 0-1.0 M NaClin 25 mM Tris (pH 8.8)
and 5 mM B-mercaptoethanol. The peak fraction
eluted around 180 mM NaCl and was concentrated
prior to crystallization to 8 mg/ml calculated usmg a
molar extinction coefficient of 60,850 M~ 1 (Aogo).
The same expression and purification procedure was
used for all YcjX mutants. Se-Met substituted YcjX was
prepared by transforming an E. coli methionine
auxotroph strain, B834-CodonPlus(DE3)-RIL pLysS.
Cells were grown in defined medium supplemented
with 50 mg/L seleno-bDL-methionine. Preparation of Se-
Met YcjX was otherwise identical to native YcjX.

Size exclusion chromatography

The oligomerization state of Yc¢jX (320 uM) was
determined by analytical SEC using a Superdex 200
10/300 column (GE Healthcare) pre-equilibrated in
25 mM Tris (pH 8.8), 100 mM NaCl, and 5 mM -
mercaptoethanol. The SEC-MALS analysis was per-
formed at the Core for Biomolecular Structure and
Function at the University of Texas MD Anderson
Cancer Center.

GTPase activity assay

YcjX wild-type and mutants (20 pM) in 50 mM Tris
(pH 8.8), 180 mM NaCl, and 5 mM -
mercaptoethanol were incubated with either 1 mM
GTP or2 mM ATP at 22 °C for 6 h in the absence or
presence of 5 mM MgCl.. The amount of released
inorganic phosphate was measured using the
malachite green assay.

Alkaline phosphatase treatment

To make the YcjXsGDPCP complex, YcjXeGDP
(2mg, 8 mg/ml) in 25 mM Tris (pH 8.8), 200 mM
NaCl, and 5 mM B-mercaptoethanol was incubated
with 4 units of alkaline phosphatase-agarose (Sigma-
Aldrich) and 1 mM GDPCP at 25 °C. Degradation of
GDP was monitored by the malachite green assay
until no inorganic phosphate was released. Alkaline

phosphatase-agarose was removed by centrifugation,
and an additional 4 mM GDPCP was added to the
sample prior to crystallization.

Crystallization and data collection

Crystals of YcjX were grown at 14 °C by the
hanging drop vapor diffusion method by mixing 1 pl
of protein solution (8 mg/ml) in 25 mM Tris (pH 8.8),
180 mM NaCl, 10 mM MgCl,, and 5 mM f-
mercaptoethanol with or without 5 mM guanine
nucleotide (GDP, GDPNP, or GDPCP) and an
equal volume of precipitant solution over a 100-pl
reservoir. Data from crystals presented here were
obtained in 50 mM sodium succinate (pH 5.0),
500 mM NaCl, and 20% (v/v) PEG 400 (Se-Met);
50 mM MES (pH 6.0), 400 mM ammonium chloride,
and 15% (w/v) MePEG 2000 (GDP-Form 1); 50 mM
sodium cacodylate (pH 6.5), 50 mM MES (pH 6.0),
and 27.5% (v/v) PEP426 (GDP-Form ll); and
100 mM HEPES (pH 6.5) and 6% (w/v) polyvinyl
pyrrolidone (GDPCP). All crystals obtained
belonged to the primitive orthorhombic space
group, P24242; with similar unit cell parameters.
For data collection, crystals were harvested in
reservoir solution (GDP-Form Il), or reservoir solu-
tion supplemented with 35% (v/v) PEG400 (Se-Met),
20% (v/v) glycerol (GDP-Form 1), or 25% (v/v)
glycerol (GDPCP) and flash frozen in liquid nitrogen.
A 2.66-A resolution SAD data set near the selenium
absorption peak (0.9794 A) and native data sets at
1.92-A (GDP-Form 1), 1.95- A (GDP-Form 1), and
2.22-A resolution (GDPCP) were collected at 100 K
at the APS SBC ID19 beamline equipped with a
Dectris Pilatus 6M detector. All data were processed
using HKL3000 [25].

Structure solution and refinement

SAD phasing, density modification (DM), and initial
model building were done using the structure
module of the HKL3000 software package [25]. A
total of 21 selenium sites were located using
SHELXD [26]. Initial phases were calculated using
MLPHARE [27], yielding a mean figure of merit of
0.211 for data between 50- and 3.07-A resolution,
which was further improved to 0.781 for data
between 50- and 2.66-A resolution after DM. The
script build module in Buccaneer [28] was used to
build 1008 residues and place the side chains of 829
residues. The initial model was rebuilt in COOT [29]
using electron density maps calculated with the DM-
phased reflection file. After each cycle of rebuilding,
the model was refined using PHENIX [30]. Native
structures (GDP-Form |, GDPCP, and GDP-Form ll)
were determined subsequently by molecular re-
placement using the partially refined structure of
Se-Met YcjX as a search model. The refined
structures have excellent stereochemical properties
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with 97.26% and 2.74% (GDP-Form I), 97.01% and
2.99% (GDPCP), and 98.00% and 2.00% (GDP-
Form II) of residues either in most favored or allowed
regions, and none of the residues in disallowed
regions of the Ramachandran plot.

Accession numbers

Atomic coordinates and accompanying structure
factors for YcjX in the GDP-Forms I, GDPCP, and
GDP-Form Il conformations have been deposited
with the RCSB with access codes PDB ID: 6NZ4,
PDB ID: 6NZ5, and PDB ID: 6NZ6.
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