YbxF and YIxQ are bacterial homologs of L7Ae and bind
K-turns but not K-loops
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ABSTRACT

The archaeal protein L7Ae and eukaryotic homologs such as L30e and 15.5kD comprise the best characterized family of K-turn-
binding proteins. K-turns are an RNA motif comprised of a bulge flanked by canonical and noncanonical helices. They are
widespread in cellular RNAs, including bacterial gene-regulatory RNAs such as the c-di-GMP-II, lysine, and SAM-I riboswitches,
and the T-box. The existence in bacteria of K-turn-binding proteins of the L7Ae family has not been proven, although two
hypothetical proteins, YbxF and YIxQ, have been proposed to be L7Ae homologs based on sequence conservation. Using
purified, recombinant proteins, we show that Bacillus subtilis YbxF and YIxQ bind K-turns (K5 ~270 nM and ~2300 nM,
respectively). Crystallographic structure determination demonstrates that both YbxF and YIxQ adopt the same overall fold as
L7Ae. Unlike the latter, neither bacterial protein recognizes K-loops, a structural motif that lacks the canonical helix of the
K-turn. This property is shared between the bacterial and eukaryal family members. Comparison of our structure of YbxF in
complex with the K-turn of the SAM-I riboswitch and previously determined structures of archaeal and eukaryal homologs
bound to RNA indicates that L7Ae approaches the K-turn at a unique angle, which results in a considerably larger RNA—protein
interface dominated by interactions with the noncanonical helix of the K-turn. Thus, the inability of the bacterial and eukaryal
L7Ae homologs to bind K-loops probably results from their reliance on interactions with the canonical helix. The biological
functions of YbxF and YIxQ remain to be determined.
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INTRODUCTION

The K-turn (Klein et al. 2001) is a widespread RNA struc-
tural motif characterized by two helices flanking a trinucle-
otide bulge where the nucleic acid chains make a sharp
~60° kink. One of the duplexes next to the kink (the
noncanonical, or NC helix) comprises sheared GeA and
AeG base pairs immediately adjacent to the bulge; the other
duplex (the canonical, or C helix) is Watson-Crick-paired.
The sheared base pairs of the NC helix extrude the adenine
nucleobases, enabling them to make A-minor (Nissen et al.
2001) interactions with the C helix. K-turns are often the
binding sites for proteins (for review, see Schroeder et al.
2010). From the structural standpoint, the best-characterized
family of K-turn-binding proteins is composed of the archaeal

protein L7Ae and eukaryal homologs such as 15.5kD, L30e,
and Nhp2 (Koonin et al. 1994; Reuter et al. 1999; Ban
et al. 2000; Vidovic et al. 2000; Chao and Williamson
2004; Koo et al. 2011). L7Ae is a versatile protein that forms
part of diverse archaeal ribonucleoprotein (RNP) complexes,
including the large ribosomal subunit (Bult et al. 1996),
RNase P (Cho et al. 2010), the box C/D methyltransferase
(Kuhn et al. 2002), and the box H/ACA pseudouridine
synthase (Rozhdestvensky et al. 2003). L7Ae not only binds
to RNAs with canonical K-turns, but also RNAs that have
a K-loop (a stem-loop motif composed of the NC helix of
a K-turn and a closing loop, but lacking the C helix)
(Rozhdestvensky et al. 2003; Nolivos et al. 2005). In eukarya,
it appears that L7Ae homologs have become more special-
ized. For instance, L30e complexes with 60S rRNA and its
own coding mRNA (Eng and Warner 1991), 15.5kD with
U4 snRNA (Nottrott et al. 1999) and box C/D snoRNAs
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(Watkins et al. 2000), and Nhp2 with box H/ACA snoRNAs
(Henras et al. 2001).

Sequence and structural characterizations reveal that
many bacterial gene-regulatory RNAs contain K-turns. Con-
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servation of the purines that form the sheared pairs of the
NC helix was initially reported for T-box RNAs (Winkler
et al. 2001) in addition to rRNA and eukaryal RNAs (Klein
et al. 2001). Lysine and class I S-adenosylmethionine (SAM-I)
riboswitches have been shown to contain K-turns that are
required for the aptamer domains to fold and recognize their
cognate ligands (Montange and Batey 2006; Garst et al. 2008;
Serganov et al. 2008), and a K-turn is also present in the class
II ¢c-di-GMP riboswitch (Lee et al. 2010). Lafontaine and
colleagues have shown that, in vitro, archaeal L7Ae can bind
to the K-turns of the lysine and SAM-I riboswitches from
Bacillus subtilis (Blouin and Lafontaine 2007; Heppell and
Lafontaine 2008). Although these experiments suggest that
K-turn-binding proteins might modulate the activity of gene-
regulatory RNAs such as riboswitches and T-boxes, the
heterologous interaction between the archaeal L7Ae protein
and bacterial RNAs is not biologically meaningful. Sequence-
based searches indicate the presence of at least two likely
L7Ae homologs in Gram-positive bacteria (Koonin et al.
1994; Winkler 2002; Sojka et al. 2007), YbxF and YIxQ (also
called YmxC). Alignment of the sequences of these bacterial
proteins with their putative archaeal and eukaryal homologs
(Fig. 1A) suggests that they might share a similar structural

fold with the archaeal and eukaryal K-turn-binding proteins,
since YbxF and YIxQ share 55% and 27% sequence identity
with L7Ae, respectively (identity is 20% between YbxF and
Y1xQ). Phylogenetic analysis suggests that YbxF is more
closely related to L7Ae and its eukaryal homologs than is
YIxQ (Fig. 1B).

Sojka et al. (2007) demonstrated that neither YbxF nor
YIxQ is essential for B. subtilis growth in rich media, and
that a YbxF-GFP fusion localizes to ribosomes (primarily
the large subunits) in vivo. Although the latter result hints
that YbxF might be an rRNA-binding protein, in the absence
of structural and biochemical characterization, it remains
unknown whether YbxF and YIxQ are authentic bacterial
homologs of L7Ae, and what their RNA-binding properties
might be. Using recombinant, purified YbxF and YIxQ, we
now show that these bacterial proteins bind K-turns, but
with affinities considerably lower (especially for YIxQ) than
that of L7Ae. We were unable to detect binding to K-loops
by either protein. We have determined crystal structures of
the two proteins (YbxF in complex with the K-turn-containing
SAM-I riboswitch aptamer domain) and find that they are
indeed structural homologs of the L7Ae family of proteins.
Although further in vivo research will be needed to establish
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FIGURE 1. Sequence and biochemical characterization of YbxF and YIxQ. (A) Multiple sequence alignment of B. subtilis YbxF, YIxQ, and their
archaeal and eukaryal homologs. (Bs) Bacillus subtilis; (Mj) Methanococcus jannaschii; (Pa) Pyrococcus abyssi; (Sc) Saccharomyces cerevisiae; (Hs)
Homo sapiens. Secondary structure elements shared by all six proteins are indicated. Colored bars denote different levels of sequence conservation
among the six proteins: (gray) similar; (yellow) highly similar; (dark orange) invariant. (Red dots) YbxF residues that make RNA contacts. (B)
Phylogenetic dendrogram calculated using ClustalW2 (Larkin et al. 2007) for the six proteins whose sequences are shown in A. (C)
Electrophoretic mobility shift analysis of K-turn and K-loop binding by M. jannaschii L7Ae and B. subtilis YbxF and YIxQ. (D,E) Isothermal
titration calorimetric analysis of K-turn binding by B. subtilis YbxF (left) and YIxQ (right).

760

RNA, Vol. 18, No. 4



Bacterial K-turn-binding proteins YbxF and YIxQ

what the physiological RNA targets of YbxF and YIxQ are,
our work broadens the phylogenetic distribution of the
L7Ae family of K-turn-binding proteins from archaea and
eukarya to bacteria, and provides the molecular founda-
tion for analyzing the cellular function of bacterial L7Ae
homologs.

RESULTS AND DISCUSSION

YbxF and YIxQ bind K-turn-containing RNAs

Full-length B. subtilis YbxF and YIxQ proteins were ex-
pressed in Escherichia coli and purified to near homogeneity
(Materials and Methods). Electrophoretic mobility shift
assays using canonical K-turn- and K-loop-containing RNAs
(derived from archaeal box H/ACA guide RNAs) show that
YbxF forms a stable complex with the K-turn RNA, whereas
YIxQ appears to associate weakly with the K-turn RNA, re-
tarding it into a reproducible smear (Fig. 1C). Neither pro-
tein associates detectably with K-loop-containing RNAs in
this assay. In contrast, Methanococcus jannaschii L7Ae binds
to both K-turn- and K-loop-containing RNAs (Fig. 1C; data
not shown). Isothermal titration calorimetry (ITC) confirms
K-turn binding by both YbxF and YIxQ (Fig. 1D,E). YIxQ
binds weakly with K4 ~2.3 wM, while YbxF binds with Ky
~270 nM (Table 1). The two bacterial proteins bind K-turn-
containing RNAs considerably more weakly than does L7Ae,
for which Ky has been estimated to be as tight as 10 pM
(Turner and Lilley 2008).

Previously, Blouin and Lafontaine (2007) and Heppell
and Lafontaine (2008) found that the archaeal protein L7Ae
binds to the K-turns of the B. subtilis yit] SAM-I and lysC
lysine riboswitches in vitro. To determine if the ligand-
binding affinity of the B. subtilis yit] SAM-I riboswitch can

TABLE 1. Isothermal titration calorimetry

be modulated by an endogenous K-turn-binding protein,
we carried out further ITC studies. In the presence of 1 mM
MgCl,, the riboswitch binds SAM with ~265 nM affinity
(Table 1). Binding of YbxF to the riboswitch before titration
with SAM results in no appreciable change in affinity for the
metabolite (K4 ~247 nM) (Table 1). Many riboswitches are
under kinetic, rather than thermodynamic control (for re-
view, see Zhang et al. 2010), and our analysis does not ex-
clude effects on the rate of aptamer domain folding or SAM
binding by YbxF association with the riboswitch. For in-
stance, YbxF association with the riboswitch may accelerate
aptamer domain folding and thus kinetically facilitate meta-
bolite binding, so that while the RNA polymerase operates at
the same speed, less metabolite is necessary to activate the
expression platform. Thermodynamic analysis would not
detect such kinetic effects.

Crystallographic analysis of RNA binding by YbxF

To determine how YbxF binds to the K-turn, and as a
starting point for understanding how its binding might
affect bacterial RNAs that contain K-turns, we cocrystal-
lized the protein with the aptamer domain of the SAM-I
riboswitch from the bacterium Thermoanaerobacter teng-
congensis. To obtain well-diffracting crystals, the aptamer
domain was engineered by extending the P3 helix by 16 bp
and capping this helix with a UNCG tetraloop (Fig. 2A).
The structure was determined at 2.8 A resolution by
molecular replacement using the previously reported
structures of the SAM-I riboswitch and L7Ae (Fig. 2B;
Table 2; Hamma and Ferré-D’Amaré 2004; Montange
et al. 2010; Materials and Methods). The crystallographic
asymmetric unit consists of two SAM-I riboswitch aptamer
domains, both in complex with YbxF. The two RNA—protein
complexes in the asymmetric unit are
very similar, superimposing on each
other with a root-mean-square deviation
(RMSD) of 0.93 A (for 126 C1’ and 77

Mg**] Kq AH TAS C, pairs).

Construct (mM) Titrant (nM) (kcal/mol) (kcal/mol) Overall, the SAM-I riboswitch aptamer
K-loop RNA®  2mM  L7Ae =30 * 12 —45 + 1.7 6.0 = 22  domain adopts the same conformation in
yit] 5 mM YIxQ 2300 + 1500 —5.8 = 0.5 2.2 + 0.9 complex with YbxF as in isolation. SAM
yiy 5mM - YbxF 268 X 92 —3.1 02 64 = 0.1 js bound in the compact conformation
ysC > mM Vb wd n/d /d described previously (Montange and Batey
lysC_CG 5 mM YbxF 213 = 27 —4.7 £ 0.1 4.8 = 0.1 ; . X

lysC.CGCG™®  5mM  YbxF 111 = 54 -3.1 = 0.1 6.7 2006), with the adenine moiety of the
yit_UA® 5 mM YbxF 228 + 99 —-8.0 = 0.1 1.5 metabolite forming a Hoogsteen to
yit|_UAUA® 5 mM YbxF 690 * 226 —5.1 = 0.1 3.8 Watson-Crick base pair with U57 of the
yit TmM  SAM 265 =84 217 =17 —125 =20 rboswitch, and also making two hydro-
yitl+YbxF T mM SAM 247 = 33 —-19.6 £ 0.7 —14.6 = 0.7 gen bonds with the sugar edge of Ad5 of
All experiments were performed at 37°C. Values are reported as mean = standard  the RNA. Superposition of the RNA—

deviation for replicate experiments.

“Value reported as upper bound for Kj as it approaches the limit of the experiment.
Value reported from single experiment; error reported from the fit to the data.

“C-values were not extensively optimized for this experiment, since the result was of interest
only in comparison to those of the other /ysC experiments, rather than as an absolute value.

(n/d) Not detectable.

YbxF complex with the previously de-
termined structures of the T. tengcon-
gensis (Montange and Batey 2006) and
B. subtilis yit] (Lu et al. 2010) SAM-I
riboswitches indicates that helix P4 is

www.rnajournal.org 761



Baird et al.

A B
AA
A 5o P2b
MC—G G At U
Paeg /920 FiTes A
U—A C_G/CCC \F U
— ik %%%onoGw
nG A2

3n Geof, 3b

FIGURE 2. RNA recognition by YbxF. (A) Secondary structure of the
Thermoanaerobacter tengcongensis SAM-I riboswitch construct used
for cocrystallization. The distal end of P3 was engineered with the
P3ext sequence described in Baird and Ferré-D’Amaré (2010). Base
pairs observed in the cocrystal structure of the riboswitch bound to
YbxF are denoted using Leontis and Westhof (2001) symbols. Arabic
numbers indicate the numbering scheme of the riboswitch aptamer
domain. K-turn residues are named using the nomenclature of Liu
and Lilley (2006). (Green) K-turn; (red) P4 helix; (blue) pseudoknot.
(B) Cartoon representation of YbxF bound to the SAM-I riboswitch
K-turn. Secondary structure elements of the protein and several re-
sidues of the K-turn are named as in Figure 1A and part A, respectively.
A portion of the 2.8 A resolution anneal-omit 2|F,| — |F| electron
density map corresponding to the K-turn is shown contoured at 2o.
(C) Superposition of the SAM-I riboswitch core (red, from RNA com-
plexed to YbxF), the protein-free T. tencongensis riboswitch (Montange
et al. 2010) (PDB ID 3GXS5, gray), and the B. subtilis yit] riboswitch (Lu
et al. 2010) (PDB ID 3NPB, cyan) demonstrates that P4/L4 is mobile
in relation to the body of the aptamer domain. (D) Magnified view of the
NC helix from the RNA complexed to YbxF reveals no interactions
between G at position 2n and A at position 2b. (E) The protein-free
SAM-I riboswitch (3GX5) has the same sequence as in D and indicates
formation of the GeA sheared pair between 2b—2n residues of the NC
helix. (F) Structural alignment of YbxF (red) and L7Ae (gray). (G)
Structural alignment of YbxF (red) and L30e (cyan).

the only structural element that adopts markedly different
conformations between the three structures, deviating by as
much as 23° between the two T. tengcongensis structures that
were determined for RNAs with identical P4 sequence, and
to a smaller degree with the B. subtilis riboswitch carrying
several sequence differences (Fig. 2C).
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The difference in disposition of P4 between the three
structures might reflect the intrinsic conformational plas-
ticity at a hinge at the junction of P4 and the core of the
aptamer domain, since superposition of the core of the two
T. tengcongensis structures, omitting P4-L4 and P3, yields
an RMSD of 0.85 A (for 75 C1’ atom pairs), comparable to
the precision of the atomic coordinates (0.66 A) (Materials
and Methods) or the result of superimposing either T.
tengcongensis riboswitch with the B. subtilis riboswitch
(RMSD = 1.54 A over 69 Cl’ pairs). This would be con-
sistent with recent solution studies suggesting that P4 is the
last structural element to adopt the conformation present
in the ligand-bound aptamer domain, and that the final
docking of P4 enhances the affinity of the RNA for SAM
(Heppell et al. 2011). On the other hand, it is possible that
YbxF binding modifies the structure or flexibility of the
K-turn and that this propagates across the pseudoknot
(Fig. 2A, blue) to P4. Although the precise hydrogen-bonding
pattern of the K-turn bound to YbxF is somewhat ambiguous
in our 2.8 A resolution structure, it is clear that while the
sheared pair between positions 1b and 1n (see Fig. 2A for
K-turn nomenclature) is formed, the nucleobases at 2b and
2n are severely staggered (in both RNA copies in the asym-
metric unit) and probably do not hydrogen-bond with each
other (Fig. 2D). This is in contrast to formation of the 2b-2n
sheared pair in both the 2.9 A and the 2.3 A resolution
structures (Montange and Batey 2006; Montange et al. 2010)
of the protein-free T. tengcongensis SAM-I riboswitch (Fig.
2E) and even in a mutationally destabilized version of the
riboswitch crystallized in the same crystalline environment
(Schroeder et al. 2011). Interestingly, the 2b—2n sheared pair
is also absent in the 3.0 A resolution structure of the B.
subtilis yit] SAM-I riboswitch (Lu et al. 2010). Thus, it
appears that the K-turn of the SAM-I riboswitch might be
structurally flexible and that YbxF selects a conformation with
a single sheared pair. Modulation of K-turn structure by L7Ae
binding has previously been reported (Turner et al. 2005).

K-turn recognition by L7Ae, L30e, and YbxF

YbxF adopts the same fold as L7Ae and L30e, composed of a
central four-stranded (-sheet flanked on each side by
a-helices, with afafBaBaBa connectivity (Figs. 1A, 2F,G).
Superposition with L7Ae and L30e (Fig. 2F,G) yields an RMSD
of 0.91 A and 1.34 A, respectively (for 81 and 80 C,, pairs). The
larger discrepancy with L30e reflects differences in the orien-
tation of the N-terminal helix and the B-strands between the
bacterial and eukaryal proteins (Fig. 2G). This helix adopts
a similar orientation between YbxF and L7Ae, but it is shorter
by 7 residues for the bacterial homolog (Fig. 1A). However,
since the helix faces away from the RNA (Fig. 2B), the K-turn
interfaces of the two proteins are similar. The interface is pri-
marily composed of two regions. First, amino acids at the
C-terminal side of B1 and the N-terminal side of a2 (hereafter,
the B1-a2 region) are involved in interactions with the sheared
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TABLE 2. Crystallographic statistics

respect to their cognate RNAs is an in-

trinsic property of each protein and that

YbxF + SAM-| YbxF + SAM-| the orientation of L7Ae is distinctly dif-
s, TIoEEn it ferent from those of the other family
Crystal | Crystal 11 YIxQ
members.

Data collection The unique orientation of L7Ae with
Resolution (A) 50.0-3.00 50.0-2.80 20.0-1.55 respect to the K-turn has two conse-
(3.11-3.007 (2.90-2.80)" (1.61-1.557 uences. First, it increases the extent of

Ry 15.9 (47.2) 9.8 (43.4) 6.9 (33.7) q . U . .
Completeness (%) 99.8 (99.1) 98.6 (92.7) 98.0 (98.4) its interaction with the NC helix. While
(YKo (D) 14 8 (3.2) 25 3(2.5) 39 1 (6. ) only the N-terminal end of a2 of YbxF
Redundancy 2 (3.7) 3 (4.3) 0 (5. contacts the NC helix, residues from
o . each of the three turns of a2 of L7Ae, in

erinemen " . . .
Resolution limit (A) 5.5 1 add.ltlon to its Bla2 region, contact this
Number of reflections 22,926/2276 38,364/3855 moiety of the RNA. Second, the angle of
(work/free) approach of L7Ae results in its a4—(4
Ruork/Riree 0.218/0.274 0.200/0.229 loop being retracted toward the apex of
A the K-turn. The corresponding loops of

Mean B-factors (A%)
Protel YbxF or L30e are more extended and
rotein 72.7 19.9

RNA 75 6 i reach further over the K-turn toward
lons 102.8 18.9 the C helix. Analysis of burial of the
Ligand 62.5 32.0 solvent-accessible surface indicates that
e 0 28.5 the interface between the proteins and
RMSD their respective K-turn RNAs is com-
Bond length (A) 0.006 0.004 posed of three discrete patches. The first
Bond angle (°) 1.4 1.1 corresponds to the Pl-a2 region, the

“Values in parentheses are for the highest resolution shell.
(n/a) Not applicable.

GeA pairs of the NC helix of the K-turn. The RMSD for this
region is 0.19 A between L7Ae and YbxF (five C, pairs).
Second, the loop between a4 and B4 (hereafter, the ad—B4
loop) interacts with the C-helix side of the K-turn. The RMSD
for this region is 0.44 A between L7Ae and YbxF (six C,, pairs).

Despite the high similarity in the polypeptide backbone
conformations of the RNA-binding segments of L7Ae, L30e,
and YbxF, the overall orientation of these proteins with
respect to the K-turn differs considerably. That this differ-
ence is primarily a rotation of the proteins with respect to
the bulge of the K-turn becomes apparent when the struc-
tures of the RNP complexes are superimposed using the
sheared GeA pairs of their respective K-turns as anchors
(Fig. 3A—C). YbxF and the eukaryal 15.5kD protein adopt
a similar orientation (Fig. 3B), and both are rotated ~12°
counterclockwise relative to L7Ae (in the view shown in
Fig. 3A). L30e has an intermediate degree of rotation. That
the orientation with respect to the RNA is an intrinsic
feature of each particular protein and not an artifact of
crystallization is supported by the observation that the
orientation of L7Ae with respect to the sheared GeA pairs
is the same regardless of whether it is bound to a K-turn
derived from a box C/D RNA or a K-loop related to that of
a box H/ACA RNA (data not shown). This analysis indicates
that the orientation adopted by proteins of this family with

second is the a4—4 loop, and the third
is at the N terminus of a3 and the loop
preceding it (Fig. 3D). As expected, the
area of the first interfacial patch is
considerably larger for L7Ae (298 A?)
than for YbxF (223 Az) or L30e (179 AZ), comprising 51%
of the total RNA-buried solvent-accessible surface area of
L7Ae, compared with 46% and 38% for YbxF and L30e,
respectively. The greater relative size of the first patch in the
L7Ae interface is consistent with the ability of this protein
to bind to both K-turns and K-loops (both of which have
an NC helix), while YbxF, which interacts with the NC
helix to a lesser degree and requires interactions with the C
helix of K-turns (through its first and second patches,
respectively) does not bind to K-loops (which do not have
a C helix). In addition to the relative sizes of the three
interfacial patches, it is also noteworthy that the absolute
solvent-accessible surface area buried upon RNA binding
by L7Ae is considerably larger than that buried by YbxF or
L30e, and that, as expected on theoretical grounds (Eisenberg
and McLachlan 1986), the affinity of the proteins for dif-
ferent RNAs correlates with the solvent-accessible surface
area buried (589 A2 for L7Ae vs. 487 A2 for YbxF and 468 A2
for L30e).

YbxF is sensitive to C-helix stability

Blouin and Lafontaine (2007) have shown that the B. subtilis
lysC lysine riboswitch contains a K-turn that can be bound
in vitro by L7Ae. Thus, the inability of B. subtilis YbxF to
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FIGURE 3. Global comparison of K-turn-binding proteins bound to
K-turns. (A) Alignment of K-turn GeA sheared pairs from RNP
complexes (YbxF, red; L7Ae, gray) reveal ~12° counterclockwise
rotation of YbxF relative to L7Ae. (B) Eukaryal protein 15.5kD
(brown) aligns closely with YbxF in its orientation on the K-turn,
while (C) eukaryal protein L30e (cyan) has an intermediate degree of
rotation. (D) Analysis of the three interaction surfaces reveals that
L7Ae buries more surface area (red) than YbxF and L30e and is
unique in its distribution of interacting residues. The accessible
surface area for YbxF was calculated subsequent to the addition of
side-chain rotamers similar to L7Ae at residues K17 and K21 («2) and
E72 (a4—B4 loop).

bind this RNA either in the electrophoretic mobility shift
assay (data not shown) or by ITC (Table 1) was unexpected.
By aligning the sequences of 32 different lysine riboswitches,
Blouin and Lafontaine (2007) found that, among these
RNAs, the loop positions of the K-turn do not conform to
the RNN consensus proposed early on for the K-turn (Klein
et al. 2001) and that U is often found in the L1 position of
the K-turn, as in the case of the B. subtilis lysC riboswitch
(Fig. 4). Mutation of the loop positions of the lysC ribo-
switch to GAU, GGU, or UAU did not confer the ability to
bind to YbxF, as evaluated by ITC (data not shown).

A second difference between the K-turn of the B. subtilis
lysC riboswitch and the consensus (Klein et al. 2001) is the
presence of a UsA base pair in the C helix between positions
—2b and —2n. Since all other K-turns to which we detected
YbxF binding have a GeC or CeG pair at this position, we
prepared a double mutant of the lysC riboswitch with C at
position —2b and G at position —2n. This RNA bound
YbxF with a K4 ~210 nM (Fig. 4). Further stabilizing the C
helix by replacing the UeA pair at position —3 with a CeG
pair resulted in even tighter binding (Kgq ~110 nM). These
results suggest that YbxF is much more sensitive to the
stability of the C helix than L7Ae. Conversely, we muta-
genized the K-turn of the B. subtilis yit] SAM-I riboswitch,
which has three CeG pairs in the C helix and is bound by
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YbxF with K4 ~270 nM to UeA pairs. Replacement of the
base pair at position —3 with a UeA pair did not affect
affinity for the protein, but introduction of UeA pairs at
both, positions —3 and —2 decreased the binding affinity
by ~2.5-fold with a K4 ~700 nM (Fig. 4). Overall, these
experiments indicate that tight YbxF binding requires two
CeG (or, presumably GeC) pairs in the —1 and —2 posi-
tions to close the C helix of the K-turn. Additional aspects
of the K-turn are important for YbxF binding as evidenced
by the retention of YbxF binding, albeit weakly, of a K-turn
containing only a single CeG pair in the —1 position of the
C helix.

YIxQ is a structural homolog of L7Ae and YbxF

Since its low affinity for RNA (Fig. 1C,E; Table 1) precluded
cocrystallization, we determined the structure of RNA-free
B. subtilis YIxQ at 1.55 A resolution to establish whether it is
a structural homolog of the L7Ae family of K-turn-binding
proteins (Fig. 5A; Table 2; Materials and Methods). The
three-dimensional structure of YIxQ exhibits strong similar-
ity to those of L7Ae, L30e, and YbxF (RMSD of 1.53 A, 1.56
;‘x, and 1.21 A for 85, 82, and 77 C, pairs, respectively). A
DALI (Holm and Sander 1995) search revealed that the
closest structural homologs of B. subtilis YIxQ are its pre-
sumed ortholog from Bacillus halodurans, as well as L30e
and L7Ae. The N- and C-terminal a-helices of YIxQ are
longer than those of YbxF, and in this sense YIxQ is more
similar to L7Ae or L30e (Fig. 5C,D), although the orienta-
tion of the C-terminal helix («5) of L7Ae is unique among
these proteins. The three copies of YIxQ in the asymmetric
unit of our crystals superimpose closely, with an RMSD of
0.1-0.2 A between the copies, which is comparable to the
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FIGURE 4. Binding of YbxF to the K-turn is modulated by the
stability of the canonical (C) helix. Base pairs for the B. subtilis lysC
K-turn are denoted as open circles because no structure is available. Base
pairs for the B. subtilis yit] K-turn are denoted with Leontis-Westhof
symbols based on PDB entry 3NPB (Lu et al. 2010). Base-pair mu-
tations (bold) in the lysC riboswitch generate a K-turn that is capable of
recognition by YbxF. Mutation of the C stem of the yit] K-turn, similar
to the wild-type sequence of lysC K-turn, results in weaker binding by
YbxF. Values reported for wild-type yit] and the single-base-pair
mutant do not differ given the precision of the experiments.
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mean precision of the atomic coordinates (Materials and
Methods). This suggests that YIxQ has little backbone flexi-
bility, similar to L7Ae (Suryadi et al. 2005), but unlike Nhp2,
which exhibits conformational mobility resulting from a pro-
line that undergoes cis/trans isomerization (Koo et al. 2011).
This proline (equivalent to P39 in B. subtilis YbxF) is not
present in B. subtilis YIxQ.

To probe the structural basis for the markedly weaker
affinity for K-turn RNAs of YIxQ compared with that of
YbxF, we performed sequence conservation analysis and
electrostatic calculations. Position-Specific Iterated BLAST
(Altschul et al. 1997) searches using YbxF and YIxQ se-
quences returned 65 and 150 orthologs, respectively, using
a default PSI-BLAST threshold of 0.005. Alignment of these
65 YbxF orthologs shows high sequence conservation at the
B1-a2 region and a4—B4 loop (Fig. 6A), consistent with the
participation of these moieties in the protein—RNA interface
(Fig. 3D). In contrast, the corresponding residues in 150
YIxQ orthologs are poorly conserved. This suggests that the
identities of these putative RNA-interacting residues are not
essential for the cellular function of YIxQ. The electrostatic
properties of YIxQ, however, hint at nucleic acid binding as

A

FIGURE 5. Structure of YIxQ. (A) Cartoon representation of the overall structure of YIxQ,
with secondary structure elements labeled as in Figure 1A. (B) Portion of the 1.55 A resolution
anneal-omit 2|F,| — |F electron density map corresponding to the a4-B4 loop of YIxQ
(outlined in panel A) is shown contoured at 2.50. The corresponding a4—f34 loop from L7Ae
(only main chain atoms) is shown in gray for comparison. C, atoms are shown as enlarged
spheres to highlight the main chain trajectories of YIxQ and L7Ae. (C) Structural alignment of
YIxQ (blue) and YbxF (red) and (D) of YIxQ (blue) and L7Ae (gray).

a possible function for this protein, since the projection of the
electrostatic potential at the solvent-accessible surface of YIxQ
delimits strongly positively charged patches on locations simi-
lar to the positively charged surface patches of YbxF that are
involved in K-turn binding (Fig. 6B).

Given the divergence of amino acid sequence between the
RNA-binding surfaces of YbxF and the structurally homol-
ogous regions of YIxQ, we tested whether grafting the
YbxF sequences onto YIxQ would result in tighter K-turn
binding by the latter. Additionally, the a4—34 loop of YIxQ
is one residue shorter than the same loop found in YbxF,
L7Ae, and L30e (Figs. 1A, 5C), and YbxF uses this loop to
interact with the C helix. This prompted us to ask if the
shortened a4—34 loop is responsible for the much-reduced
affinity of YIxQ for K-turns. Three site-directed mutants of
YIxQ were constructed and purified to near homogeneity.
Mutant 1 (D24K, L25Q) introduces a lysine and a gluta-
mine near the N terminus of a2. YbxF uses these amino
acids to make interactions with the sheared GeA pairs.
Mutant 2 (KEAR78-81 — IEVGA) replaces the a4—34 loop
of YIxQ with the corresponding loop of YbxF. Mutant 3
combines both sets of mutations. When analyzed using the
electrophoretic mobility shift assay (Fig.
6C) and ITC (data not shown), none of
the mutants bound appreciably more
strongly to K-turn-containing RNAs
than did wild-type YIxQ. This implies
that additional structural elements, be-
yond the amino acid identity at the
RNA-protein interface, are important
for K-turn binding by the L7Ae family
of RNA-binding proteins. This also
shows that the shortened a4—34 loop
on YIxQ is not principally responsible
for its reduced affinity toward K-turns.
This result parallels a mutational study of
L7Ae in which a conserved lysine (K26 in
M. jannaschii L7Ae) in the al-B1 loop,
which does not interact directly with
RNA, was found to modulate RNA
affinity (Gagnon et al. 2010).

Phylogenetic distribution
of K-turn-binding proteins

This study extends the phylogenetic
distribution of the L7Ae family of
K-turn-binding proteins to bacteria from
archaea and eukarya. It has been noted
before that eukaryotic family members
such as L30e and 15.5kD do not bind to
K-loops (and Nhp2 does not even bind
to K-turns specifically) (Koo et al. 2011),
whereas L7Ae can bind with high affinity
to both K-turns and K-loops. We now
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mut1: D24K,L25Q
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FIGURE 6. Comparison of YIxQ with YbxF. (A) Sequence conser-
vation among YbxF and Y1xQ homologs calculated with the ConSurf
server (Ashkenazy et al. 2010). (Dark red) Highly conserved among
the top 65 YbxF homologs and 150 YIxQ homologs; (cyan) highly
variable; (white) average conservation; (yellow) insufficient data.
Select residues at equivalent positions at the RNA—protein interface
on YbxF, YIxQ, and RNA are labeled. (B) Continuum electrostatic
potentials at the solvent-accessible surfaces of YIxQ and YbxF. The
view is from YbxF-bound RNA toward the YbxF-RNA interface.
(Blue) Positive potential; (red) negative potential; (white) neutral. (C)
Electrophoretic mobility shift assay showing that structure-based
engineering of YIxQ fails to confer tighter K-turn binding.

find that the bacterial homologs YbxF and YIxQ bind to
K-turns with modest affinity and do not recognize K-loops.
Thus, it might be expected that the bacterial and eukaryal
proteins would be more similar to each other than to the
archaeal L7Ae. At the overall sequence level, this is not the
case, since sequence-based phylogenetic analysis places YbxF
in the same branch as L7Ae (Fig. 1B, 55% sequence identity).
Previously, it was hypothesized that the specific sequence of
the a4—PB4 loop (which differs between the archaeal and
eukaryal family members) was responsible for the ability of
L7Ae to bind K-loops (Hamma and Ferré-D’Amaré 2004).
Gagnon et al. (2010) found that substitution of the L7Ae
a4—B4 loop with the corresponding loop of 15.5kD abro-
gated the ability of the archaeal protein to bind to K-loops,
thus showing that these amino acids are necessary for K-loop
binding by L7Ae. However, those investigators did not
produce the converse mutant (15.5kD protein with the
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L7Ae a4—B4 loop), and thus it is unclear if this loop suffices
for K-loop binding. Now, our demonstration that YbxF is
a bacterial K-turn-binding protein shows that the a4—34
loop sequences do not cleanly divide among proteins that
bind only K-turns and those that can bind both K-turns and
K-loops, because the sequence of the loop in YbxF (IEVG) is
more similar to that of L7Ae [(I/L)EVA] than that of, for
instance, 15.5kD (VSRP) (Fig. 1A). Furthermore, our muta-
tional analysis of YIxQ shows that the a4—34 loop residues of
YbxF are not the dominant determinants of the tighter K-turn
binding by this protein over YIxQ. Overall, it appears that
sequence similarity is not the overriding cause for the similar
RNA recognition properties of the bacterial and eukaryal
family members.

The special ability of L7Ae to bind to K-loops might arise
from its unique orientation on its target RNAs, rather than
from a particular sequence motif. Comparison of the ori-
entation relative to the K-turn of archaeal, bacterial, and
eukaryal family members (Fig. 3A—-C) shows that while each
of the proteins analyzed binds the K-turn from a different
angle, L7Ae is an outlier. Analysis of the protein—-RNA in-
terface shows that the characteristic orientation of L7Ae re-
sults in a larger contact area between this protein and the NC
helix of the K-turn (Fig. 3D). Thus, it appears that the ar-
chaeal protein places more emphasis on the NC helix than
on the C helix or the bulge in binding its target, when com-
pared with its bacterial and eukaryal homologs, thereby
allowing it to recognize K-loops, which lack a C helix. In
addition, the free energy of RNA binding is considerably
more favorable for L7Ae than for YbxF (K4 ~10 pM vs. Ky
~270 nM, respectively) (Turner and Lilley 2008; this
study). Our ITC analysis (Table 1) shows that the affinity
of L7Ae for a K-loop RNA is about 1000-fold weaker than
the 10 pM Ky that has been estimated using stopped-flow
FRET by Turner and Lilley (2008) for its binding to K-turns.
This difference suggests that the interactions that L7Ae
makes with the C helix do contribute to its high affinity for
the K-turn. Moreover, our analysis of binding by YbxF to
mutant C helix RNAs (Fig. 4) shows that the bacterial pro-
tein is very sensitive to the stability of the C helix, and, by
inference, the interactions it makes with this RNA element
through its a4—f34 loop contribute importantly to its K-turn
binding. We reason that if the magnitude of the free-energy
gain that results from C-helix recognition by YbxF is com-
parable to that gained by L7Ae, YbxF might be able to bind
to K-loops with a K4 ~270 uM (1000-fold weaker than its
affinity for K-turns) (Fig. 1D; Table 1); such low-affinity
binding would not be detected in our experiments. Thus,
the experimentally observed ability of L7Ae to recognize
K-loops might simply reflect its extraordinarily high affinity
for K-turns.

In relation to the above, it should be noted that Ky values
ranging from 10 pM to 8 nM have been reported for L7Ae
binding to K-turns, depending on the assay used (filter
binding [Kuhn et al. 2002], electrophoretic mobility shift
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[Blouin and Lafontaine 2007], stopped-flow FRET [Turner
and Lilley 2008]) as well as the specific experimental con-
ditions (temperature, Mg*" concentration, RNA sequence).
In our hands, the extraordinarily high affinity of L7Ae to-
ward K-turns precluded accurate ITC measurements (data
not shown), whereas the considerably weaker association
(Kg ~30 nM) of the protein to a K-loop could be char-
acterized calorimetrically (Table 1).

What are the biological functions of YbxF and YIxQ? The
pronounced phylogenetic conservation of residues on the
K-turn interface of YbxF (Fig. 6A), as well as its relatively
high RNA-binding affinity, suggest that its authentic cel-
lular targets are K-turn-containing RNAs. Whether K-turns
are the biological targets of YIxQ is uncertain, due to the
lack of sequence conservation on the equivalent molecular
surfaces. However, the electrostatic properties of YIxQ (Fig.
6B) as well as its conserved genomic location do point to an
RNA-binding function. ylxQ is found in the autoregulatory
nusA/infB operon consisting of yIxS-nusA-ylxRQ-infB-ylxP-
rbfA (Shazand et al. 1993), where it is invariably associated
(Winkler 2002) with YIxR, a putative RNA-binding protein
(Osipiuk et al. 2001). The strong genetic linkage between
YIxR and YIxQ and at least one possible occurrence of a
YIxR-YIxQ OREF fusion in Geobacter sulfurreducens (Winkler
2002) suggests an intriguing possibility that YIxR and YIxQ
associate and YIxQ may bind its cellular RNA target with
high affinity once in complex with YIxR. Such regulation of
RNA binding by protein—protein interaction has been
previously reported, for instance, for the human spliceo-
somal U2B” protein, which only binds its cognate RNA in
the presence of U2A’ (Price et al. 1998). The genomic lo-
cation of YIxQ between transcription factor NusA and
translational initiation factor 2 (IF2) is consistent with an
involvement in transcriptional or translational regulation,
in line with proposed role in translation for YbxF (Sojka
et al. 2007). Curiously, in the E. coli genome, the nusA/infB
operon is similarly organized as in B. subtilis but the yIxR-
yIxQ genes are absent. This may hint of a YIxQ function
that is specific to B. subtilis such as sporulation. Neither
YbxF nor YIxQ were found to be essential for B. subtilis un-
der nonsporulating conditions (Sojka et al. 2007), but the
nusA/infB operon and IF2 are known to be involved with
the onset of sporulation (Milon et al. 2006). At present, then,
the authentic biological targets of YbxF and YIxQ remain
unknown, but our work suggests that these will likely be
RNAs containing K-turns.

MATERIALS AND METHODS

Protein expression and purification

Open reading frames for B. subtilis YbxF and YIxQ were assembled
by PCR from overlapping synthetic DNA oligonucleotides and
cloned into pET16b (EMD chemicals) such that the resulting
proteins have no purification tags but contain an extra glycine

immediately C-terminal to the initiation methionine. Including
the latter, the predicted translation products for YbxF and YIxQ
would comprise 83 and 101 amino acids, respectively. YbxF and
YIxQ were expressed for 3 h at 37°C in E. coli BL21 CodonPlus
(DE3)-RIL (Agilent Technologies) by addition to cultures at
ODgoo ~~ 0.6 of 1 mM IPTG. Both proteins were purified in the
same manner. Cells were resuspended in a solution composed of
20 mM Tris-HCI (pH 8.0), 400 mM KCl, 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), 0.5% (w/v) aprotinin, 5 pg/mL
leupeptin, 5% (v/v) glycerol, and 1 mM B-mercaptoethanol; lysed
using a microfluidizer; clarified by centrifugation; and the superna-
tant fractionated sequentially with neutralized polyethyleneimine
(0.5%, v/v) (Burgess 1991) and ammonium sulfate (90% and 80%
saturation, for YbxF and YIxQ, respectively). The ammonium
sulfate precipitate was dissolved in Buffer A (150 mM KCl, 20 mM
HEPES-KOH at pH 7.5, 5% glycerol, 0.5 mM EDTA, 0.3 mM
DTT) and loaded onto HiTrap Heparin column (GE Healthcare)
equilibrated in Buffer A. YbxF and YIxQ were eluted with a linear
gradient to 100% Buffer B (1.5 M KCI, 20 mM HEPES-KOH at
pH 7.5, 5% glycerol, 0.5 mM EDTA, 0.3 mM DTT). Peak fractions
were pooled, concentrated by ultrafiltration, and loaded onto
a Superdex 75 column (GE Healthcare) equilibrated in Buffer C
(150 mM KClI, Tris-HCI at pH 7.5, 5% glycerol, 0.5 mM EDTA,
0.3 mM DTT). YbxF and YIxQ were concentrated to 12-14 g/L
and stored at —80°C in Buffer C. Electrospray ionization mass
spectrometry yields masses of 8387.5 Da and 10,979.3 Da for
YbxF and YIxQ, respectively, implying that the proteins are
missing their initiation methionines but are otherwise intact
(calculated: 8387.8 Da and 10,979.7 Da, respectively). Coomassie
Blue staining of serial dilutions analyzed by Tricine-SDS PAGE
indicates that the two proteins are at least 99% pure. Nuclease
contamination was assayed as described (Ferré-D’Amaré 2010).
Site-directed mutagenesis of YIxQ was performed with the
QuikChange Lightning kit (Agilent Technologies). YIxQ mutants
were purified by the same procedure used for the wild type. The
presence of desired mutations was verified by electrospray
ionization mass spectrometry of the purified proteins, which yields
masses of 11,007.4 Da, 10,964.3 Da, and 10,992.4 Da, for Mutant 1,
Mutant 2, and Mutant 3, respectively (calculated: 11,007.8 Da,
10,964.7 Da, and 10,992.8 Da).

RNA production and purification

Six RNAs (plus a total of seven mutants of two of these) were used
in this study. The B. subtilis yit] riboswitch aptamer used in this
study is identical to that used by Heppell and Lafontaine (2008)
with the addition of two initial G residues. The B. subtilis lysC
riboswitch aptamer domain used herein comprises nucleotides
27-201 of the construct reported by Blouin and Lafontaine (2007).
RNAs used in gel shift assays (Fig. 1C) were from Box H/ACA guide
RNAs containing K-loop (Hamma and Ferré-D’Amaré 2004) and
K-turn (Afu-4 stem II) (Rozhdestvensky et al. 2003) motifs. The
RNA used in the gel shift assay with YIxQ mutants (Fig. 6C) was
derived from K-turn-containing Oceanobacillus iheyensis glyQ RNA.
K-turn mutants of the lysine and SAM-I riboswitch were generated
by QuikChange Lightning mutagenesis (Agilent Technologies) us-
ing wild-type plasmids as templates. The cSAMP3_2 RNA construct
used for crystallization was identical to PDB ID 2GIS except that
the GAAA tetraloop on L3 (nucleotides 50-53) was replaced with
a 16-bp helical module capped with a UUCG tetraloop, which
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aided in crystallization. The sequence of the insertion is identical to
that used by Baird and Ferré-D’Amaré (2010). All RNAs used in
this study were transcribed in vitro from double-stranded DNA
templates generated by PCR essentially as described (Xiao et al.
2008) using two 2'OMe residues at the 5" positions of the reverse
primer. Following amplification, the full 2-mL PCR reaction was
added directly to make 5-mL transcription reactions. RNAs were
purified under denaturing conditions, electroeluted, and washed
once with 1 M KCl, followed by three washes with water; con-
centrated by ultrafiltration; and stored at 4°C until use.

Electrophoretic mobility shift analysis

Fifty micromolar K-turn- or K-loop-containing RNA was in-
cubated with 100 wM protein for 15 min at room temperature in
Binding Buffer [20 mM Tris-HCl at pH 8.0, 20 mM NaCl, 10 mM
MgCl,, and 1 mM tris(2-carboxyethyl)phosphine (TCEP)]. Sam-
ples were then mixed with equal volumes of 2X Loading Buffer
[1X THE buffer (33 mM Tris, 66 mM HEPES, 0.1 mM EDTA)
and 50% (v/v) glycerol] and analyzed on prerun 8%-10% total,
29:1 polyacrylamide:acrylamide gels containing 0.5X THE buffer
and 10 mM MgCl,. Electrophoresis was performed adjusting the
power to maintain the gel at <30°C throughout the separation.

Isothermal titration calorimetry

RNA samples for ITC experiments were prepared by annealing in
100 mM KCI and 20 mM HEPES-KOH (pH 7.5) by heating for 2
min to 85°C and holding for 5 min at room temperature. 1.5 pL
of MgCl, was added, resulting in final concentrations of 45 pM
RNA, 100 mM KCl, 20 mM HEPES-KOH, and 1 mM or 5 mM
MgCl, for various samples. Samples were equilibrated with ITC
buffer (100 mM KCl, 20 mM HEPES-KOH, 1 mM DTT, and 1 mM
or 5 mM MgCl,) via centrifugation in Amicon Ultra centrifugal
filters 10K MWCO (Millipore) three times or via dialysis. ITC ex-
periments were performed at 37°C with 10-20 uM RNA in the cell
and protein or SAM in the syringe at 10-fold higher molar con-
centrations than the RNA. Experiments were performed in tripli-
cate for K-loop/L7Ae (cell contents/syringe contents) and yitJ/YbxF;
in duplicate for yitJ/YIxQ, lysC_CG/YbxF, yit]/SAM, yitJ+YbxF/
SAM; and single experiments for lysC_CGCG/YbxF, yit] UAUA/
YbxF, yit]_UA/YbxF. Data analysis was performed using Origin 7
(OriginLab) and Sedphat v9.4 (Houtman et al. 2007).

YbxF cocrystallization, structure determination,
and refinement

cSAMP3_2 RNA at 200 puM in 26.5 mM HEPES-KOH (pH 7.5)
and 53 mM KCI was heated for 2 min at 85°C and then kept for
8 min at room temperature. MgCl, and SAM were added to
concentrations of 17.9 mM and 538 wM, respectively, and the
solution was incubated for 15 min at 37°C. Next, YbxF at a 1.4-
fold molar excess to the RNA as well as spermine hydrochloride,
cobalt hexamine, and DTT were added. Final composition of the
RNP mixture was 150 pM RNA, 210 pM YbxF, 10 mM MgCl,,
10 mM SAM, 40 mM KCl, 20 mM HEPES-KOH, 1 mM spermine,
1 mM cobalt hexammine, and 1 mM DTT. Crystallization was
performed by vapor diffusion at 21°C by mixing 1 pL of this
solution with 1.2 pL of a reservoir solution containing 100 mM
potassium cacodylate (pH 6.0), 200 mM MgCl, and 25% (v/v)
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PEG400. Rod-shaped crystals appeared within 2 d and grew over
a week to maximum dimensions of 300 X 100 X 100 wm’. Crystals
were mounted in nylon loops and flash-frozen by plunging into
liquid nitrogen without any additional cryoprotection. Diffraction
data were collected at 100 K at the Advanced Light Source (ALS,
Lawrence Berkeley National Laboratory) beamline 5.0.2 with 1 A
X-ray radiation from two crystals (Table 2) and reduced with the HKL
package (Otwinowski and Minor 1997). The two crystals were
grown under the same conditions, but in separate drops. The
crystals have the symmetry of space group C2, with unit cell di-
mensions a = 179.5 A, b=54.5 A, c = 106.4 A, 3 =108.4 (Crystal I),
anda=191.8 A, b =543 A, c=106.4 A, B = 116.6 (Crystal II). The
structure was determined by molecular replacement using PHASER
(McCoy et al. 2007) and a search model containing one copy of
the SAM-I riboswitch aptamer (PDB ID 3GX5 from which the L3
GAAA tetraloop and the SAM ligand had been removed), and
one copy of the M. jannaschii L7Ae protein (PDB ID 1SDS, chain
A, with the N and C termini truncated to the expected full length
of B. subtilis YbxF, according to the sequence alignment of Fig.
1A). The top solution obtained with data from Crystal I (trans-
lation function Z-scores of 13.6 and 12.6 for the RNA and the
RNA plus protein, respectively, and an overall log-likelihood
gain of 441) had Rge. = 49% after rigid body, individual
isotropic B-factor, and simulated annealing refinement (Briinger
et al. 1998). 2|F,| — |F| Fourier syntheses calculated with phases
from this partial model and Crystal I amplitudes revealed no
density for P4 of the RNA. A second round of molecular re-
placement was performed with two copies of an RNA model
from which P4 had been deleted and an L7Ae model whose side
chains had been changed to correspond to the sequence of YbxF
against Crystal IT amplitudes. The top solution (translation func-
tion Z-scores of 11.3 and 19.9 and 10.7 for one RNA, two RNAs,
and two RNAs plus the protein, respectively, and an overall log-
likelihood gain of 944) had Rge. = 41.1% after rigid body,
individual isotropic B-factor, and simulated annealing refine-
ment. Iterative rounds of manual model building (Jones et al.
1991) interspersed with simulated annealing, energy minimiza-
tion, and individual isotropic B-factor refinement (Briinger et al.
1998) against Crystal IT amplitudes produced an essentially com-
plete model of the two RNAs in the crystallographic asymmetric
unit. One of the two YbxF molecules in the asymmetric unit is
better ordered (mean B-factors of 57.8 A2 and 90.6 A? for chains
A and B, respectively). The bound SAM molecules were not built
until near the end of the refinement, although clear residual elec-
tron density corresponding to the metabolite was present in both
RNAs starting with the first difference maps. The final model
comprises 126 RNA residues in chains C and D and residues 2—82
and 2-78 in YbxF chains A and B, respectively, 15 waters, 22
magnesium ions, 17 cobalt hexammine ions, and 2 SAM mole-
cules and has a cross-validated 0A coordinate precision of 0.66 A
(Table 2). Ions were assigned as either cobalt hexammine or
magnesium based on distance from apparent ligands, refined
individual isotropic B-factors of the presumed ion and its ligands,
real-space R-factor of the ions in simulated annealing-omit 2|F,| — |F|
maps, and overall effect on Rg.. Ramachandran analysis shows that
80% of the amino acids are in the most favored regions, 20% in the
additional allowed regions, and none in the disallowed regions. All
structural analyses were performed with chains A and C. Atomic
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coordinates and structure factor amplitudes for Crystal IT have been
deposited with the PDB with accession code 3V7E.

YIxQ crystallization, structure determination,
and refinement

B. subtilis YIxQ was crystallized by vapor diffusion at 4°C by
mixing equal volumes of 14 g/L protein in Buffer C and reservoir
solution composed of 0.2 M ammonium acetate (pH 7.0), 0.1 M
sodium citrate (pH 5.6), and 30% (w/v) PEG 4000. Needle-shaped
crystals grew in 3—6 d to maximum dimensions of 2000 X 20 X 20
wm?’. Crystals were mounted in nylon loops and flash-frozen by
plunging into liquid nitrogen without additional cryoprotection.
Portions of the crystal outside of the nylon loop diffracted better
than portions within the loop and were used for data collection at
100 K at the ALS beamline 5.0.1 using 0.9795 A X-radiation, and
reduced with the HKL package (Table 2; Otwinowski and Minor
1997). The crystals have the symmetry of space group P2;2,2;,
with unit cell dimensions a = 50.4 A, b=61.3 A, c=94.2 A. The
structure was determined by molecular replacement using
PHASER (McCoy et al. 2007) and a search model composed of
three copies of the B. halodurans BH 2414 protein (identified as
a hypothetical protein of unknown function, PDB ID 30N1). The
top solution (translation function Z-scores of 7.4, 9.5, and 15.4 for
one, two, and three protein copies, respectively, and an overall
log-likelihood gain of 429) had an Rg.. = 35.3% when subjected to
rigid body, simulated annealing, and individual isotropic B-factor
refinement (Briinger et al. 1998) at 1.50 A resolution. Iterative
rounds of manual model building (Jones et al. 1991) interspersed
with simulated annealing, energy minimization, and individual
isotropic B-factor refinement (Briinger et al. 1998) against diffrac-
tion data extending to 1.55 A resolution produced the final model,
which comprises residues 3-99 of each of the three copies of YIxQ,
246 water molecules, three citrates, and two potassium ions (2532
nonhydrogen atoms). At this resolution, the identity of the citrate
ions was readily apparent from residual electron density maps.
Potassium ions were assigned based on their refined individual
isotropic B-factors and those of their protein or water ligands. This
model has a cross-validated 0A coordinate precision of 0.13 A (Fig.
5B; Table 2). Ramachandran analysis shows that 93.6% of the
amino acids are in the most favored regions, 6.4% in the additional
allowed regions, and none in the disallowed regions. Except where
noted, structural analyses of YIxQ were performed with chain B,
which has the lowest mean B-factor. Atomic coordinates and
structure factor amplitudes have been deposited with the PDB with
accession code 3V7Q. Continuum electrostatic potentials were
calculated with DelPhi (Honig and Nicholls 1995) using default
values for charges and dielectric constants. Structure figures were
generated with MacPyMOL (The PyMOL Molecular Graphics Sys-
tem, Version 1.3, Schrodinger, LLC).
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