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Summary

Tex is a highly conserved bacterial protein that likely functions in a variety of transcriptional
processes. Here we describe two crystal structures of the 86 kDa Tex protein from Pseudomonas
aeruginosa at 2.3 A and 2.5 A resolution, respectively. These structures reveal a relatively flat and
elongated protein, with several potential nucleic-acid binding motifs clustered at one end, including
an S1 domain near the C-terminus that displays considerable structural flexibility. Tex binds nucleic
acids, with a preference for sSSRNA, and the Tex S1 domain is required for this binding activity. Point
mutants further demonstrate that the primary nucleic acid binding site corresponds to a surface of
the S1 domain. Sequence alignment and modeling indicate that the eukaryotic Spt6 transcription
factor adopts a similar core structure. Structural analysis further suggests that the RNA polymerase
and nucleosome interacting regions of Spt6 flank opposite sides of the Tex-like scaffold. Therefore,
the Tex structure may represent a conserved scaffold that binds sSRNA to regulate transcription in
both eukaryotic and prokaryotic organisms.
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Introduction

The Tex (toxin expression) protein was originally described in Bordetella pertussis as an
essential protein involved in expression of critical toxin genes.l Texisarelatively large protein
with a domain architecture consisting of several nucleic acid binding domains predicted from
primary sequence. The presence of these domains supports the proposal that Tex is a
transcription factor that functions in toxin expression and/or pathogen fitness.1-3 Tex displays
a remarkably high degree of identity and similarity across a host of significant pathogens. For
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example, Tex from Pseudomonas aeruginosa shares 65% identity and 78% similarity (at the
amino acid level) with Tex from Vibrio cholerae (the causative agent of cholera). Similar
degrees of identity are seen with Tex proteins from Shigella flexneri (the causative agent of
dysentery) and Yersinia pestis (the causative agent of plague).

Despite being ubiquitous and extremely well-conserved, the molecular function(s) of Tex
remains enigmatic. Insight into Tex function is derived from several bacterial studies. Aside
from its role in expression of toxin gene products in B. pertussis the tex gene from Pseudomonas
aeruginosa (PA5201) appears to play an |mportant role in pathogenesis, being required for
lung infection in a chronic disease model.# In Streptococcus pneumoniae, Tex does not effect
expression of the major pneumococcus toxin pneumolysin, but does appear to be a transcription
factor involved in pathogen fitness.3 These studies indicate that Tex may play a role in gene
expression or transcript maintenance of either specific toxin or general housekeeping genes.

Tex domain architecture and sequence conservation ma extend beyond prokaryotes to the
essential eukaryotic transcription elongation factor Spt6.°- " Texis approximately half the size
of Spt6 (e.g. 86 kDa for P. aeruginosa Tex vs. 168 kDa for S. cerevisiae Spt6), with sequence
homology spanning the central region of Spt6. The flanking non-homologous regions of Spt6
include a highly charged N-terminal region and a C-terminal SH2-like domain. Within the
region of homology, Tex and Spt6 share ~ 25% pairwise sequence identity and have a similar
predicted domain architecture; prlmary sequence analysis identified YqgF, HhH, and S1 RNA
binding domains in both proteins. 7 This level of sequence similarity falls in Doolittle’s

“twilight zone,’ "8 indicating that Tex and Spt6 may have similar structures, although direct
evidence is lacking.

The sequence similarity may also indicate that Tex and Spt6 have related cellular functions.
Although current evidence suggests that Spt6 is a nucleosome chaperone,9 11 4 function
unique to eukaryotes, recent studies have shown that Spt6 also interacts directly with both RNA
polymerase12 and mRNA processing factors, including the exosomal RNA degradation
machlnery Thus beyond its role in hucleosome maintenance, Spt6 appears to provide a
physical link between transcription and pre-mRNA surveillance, although the relationship
between these critical processes is lacking in structural detail. Interestingly, we have recently
observed similar interactions with Tex. P. aeruginosa Tex co-purifies with RNA polymerase
(RNAP), RNase E, and PNPase (1.V.-G. and S.L.D., unpublished data); RNase E and PNPase
are components of the prokaryotic RNA degradosome, a 3'-5' RNA degradation complex
analogous to the eukaryotic exosome.

In an effort to better understand the molecular function of Tex, and possibly to gain insight
into Spt6, we have determined high-resolution crystal structures of the P. aeurginosa Tex
protein in two crystal forms. These reveal four putative nucleic acid binding/modifying
domains including a helix-turn-helix (HtH) domain that was not predicted from primary
sequence. In addition, we have quantitatively examined the ability of Tex to bind various
nucleic acid substrates and have found that Tex has a strong preference for single-stranded
RNA. Binding appears to be sequence non-specific and mutagenesis studies indicate that this
interaction is mediated by the flexible S1 domain. In contrast to an earlier proposal, 1.2 we do
not observe significant nuclease function associated with the Tex YqgF domain. Our findings
provide a structural foundation for understanding Tex function, and can guide future studies
on the structure and function of Spt6.

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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Results & Discussion

Structure Determination and Overall Description

The full-length Pseudomonas aeruginosa Tex protein was expressed recombinantly in E.
coli and purified by Ni-chelate, Heparin affinity, and gel filtration chromatography. The C-
terminal hexahistidine tag was retained for the structural and biochemical studies. The structure
was determined by SAD phasing and density modification using data collected to 2.7 A
resolution from a selenomethionine-substituted crystal. This structure was refined against data
collected from an isomorphous native crystal (crystal form 1, 2.5 A resolution) and from a
second native crystal that belonged to the same space group but had substantially different cell
dimensions (form 11, 2.3 A). The native structures were refined to R/Rfree values of 24.0/27.4
% (form 1) and 23.1/27.0 % (form 1), with good geometry (Table I). In both crystal forms,
residues 1-730 are clearly observed in the electron density, with the exception of a short loop
region (residues 246-251) in crystal form Il. The C-terminal 55 residues of Tex and the
hexahistidine tag are disordered and are not included in the final model.

Tex is ~ 53% a-helical and 10 % B-sheet. The overall structure is notably flat and elongated,
with approximate dimensions of 27 x 72 x 107 A (Figure 1). The most striking structural feature
is a long, central helix (H15) spanning ~72 A and comprising amino acid residues 274-322.
The rest of the protein wraps around the central helix at both the N-terminal and C-terminal
ends. The resulting structure has a distinctive question-mark-like appearance (Figure 1C). The
structure closely resembles a lower resolution Tex structure that was recently submitted to the
protein data bank by the New York Structural GenomiX Research Consortium (NYSGXRC)
(PDB 20CE).

Although the Tex structure is fairly compact, it can be largely described as a series of distinct
domains. The first 84 residues adopt a helix-turn-helix (HtH) structure (Figure 2), although
primary sequence analysis has not previously identified this motif in Tex. The next 189 residues
(85-273) wrap around the bottom of the central helix (H15; residues 274-322), which extends
nearly the full length of the structure, with a 30° kink occurring at lysine 288. Extending from
the C-terminal end of this helix, the rest of the structure forms three domains that had been
previously predicted from analysis of the amino acid sequence:7 YqgF (residues 329-455),
HhH (501-557), and S1 (654-730) domains. The S1 domain is tethered to the rest of the
structure by a stretch of 25 residues (629-653) that traverses the top of the molecule and contains
little defined secondary structure but is clearly ordered in the electron density.

Helix-turn-helix (HtH)

Despite very low (< 15%) sequence identity, the N-terminal HtH domain overlaps with other
HtH structures (e.g. DNA helicase hel308, PDB 2P6U) with a root mean square deviation
(RMSD) of 2.2 A over 64 Co atoms. HtH motifs typically bind dsDNA by inserting a helix
into the major groove of the DNA duplex.15 The observed conformation of the HtH region in
Tex does not appear to be competent for canonical dsDNA binding because the DNA would
significantly clash with the surrounding Tex structure. However Tex may be capable of binding
asingle-stranded nucleic acid substrate through this domain. The strongest “hit’ from the DALI
search (z-score = 5.6, RMSD = 2.2 A) is to the ratchet domain of an archeal DNA helicase,
Hel308.16 Hel308 unwinds dsDNA and uses the third helix of the HtH motif to bind a single
strand of the DNA. Superposition of the DNA-bound Hel308 complex (PDB 2P6R) onto the
Tex structure places the ssDNA through a narrow, elongated cavity (~ 6 x 20 A) that passes
through the center of the Tex structure (Figure 3). Although we currently have no direct
evidence that Tex binds nucleic acid substrates in this region, there is nothing obvious from
the Tex structure that would preclude single-stranded nucleic acid binding at this site in some
contexts.

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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YqgF homologous domain

The central YqgF domaln of Tex (residues 329-455) belongs to the YqgFc domain family
(SMART smoo07321 ) a domain described as RNase H-like and typified by the E.coli protein
quF.2 7 Little functional or biochemical data are available for YqgF domain-containing
proteins, even thou Iqh these proteins are highly conserved and occur across a wide-variety of
bacterial genomes. quF domain family proteins are predicted to be ribonucleases or
resolvases based on homology to RuvC Holliday Junction Resolvases.2:19:20 | jke RuvC,
which is structurally and biochemically well characterized, YqgF nuclease domains preserve
the overall topolo%y and the majority of structural and sequence elements characteristic of the
RNase H fold.? 3 The Tex YqgF domain maintains these core structural elements and
aligns especially possess nuclease activity (see below).

Helix-hairpin-helix (HhH)

S1 domain

The Tex structure contains two adjacent HhH maotifs, comprising residues 502-531 and
537-557, both of which were predicted from earlier sequence analysis (Figure 4). 56 The two
HhH motifs are related by an approximately 90° rotation with respect to each other and pack
together through extensive conserved hydrophobic interactions to generate a single, compact
unit called a (HhH), domain. 24 1n contrast to a canonical (HhH)2 structure in which the two
HhH motifs are connected by an extra helix, the Tex (HhH), domain makes the connection
with a short 5-residue loop. The typical function of (HhH), domains is to bind dsDNA,
mediated through nonspecific interactions Wlth nitrogen atoms in the protein backbone and
oxygen atoms in the DNA phosphate groups 41n Tex, the binding face of this domain lies on
the surface of the structure and would be accessible to a potential nucleic acid substrate.

The Tex S1 domain (Figure 5) adopts the canonical topology characteristic of the S1 RNA-
binding domain family. S First identified as a motif of the ribosome essential for translational
initiation, S1 domains are ublqwtous and found primarily in proteins that bind RNA and/or
have nuclease act|V|ty 6,27 The Tex S1 domain adopts the overall five-stranded antiparallel
B-barrel topology representative of the ubiquitous oligonucleotide/oligosaccharide binding
(OB) fold. OB-fold proteins, including S1 domains, present a common binding cleft for
interaction with a variety of different ligands, the most common being nucleic acids. 3,27 This
cleft runs perpendicular to the axis of the B-barrel where nucleic acids almost always bind with
common polarity. The Tex S1 domain contains a short 3, helix (H35) adjacent to the binding
cleft that, alonggwnh a strong preference for ssRNA, distinguishes S1 domains from other OB-
fold proteins.

Evidence for Flexibility

Comparison of the two crystal forms, which differ by 25 A in b-axis length and each contain
one molecule in the asymmetric unit, indicates that Tex displays flexibility in the disposition
of its C-terminal S1 domain. The two Tex structures superimpose closely throughout (RMSD
=1.596 over 510 Co atoms), with the exception of a small rotation in the YqgF domain and a
14 A displacement of the S1 domain (Figure 6). The S1 domain rearrangement is accomplished
by rotation in the loop that tethers the domain to the rest of the Tex structure. C-terminal to the
S1 domain, there is no discernable electron density for residues 731-785 in either crystal form,
indicating a high degree of flexibility. In addition, very few contacts are observed in either

structure between the S1 domain and the rest of the Tex protein. These observations indicate
that the S1 domain is relatively unrestrained and able to adopt a range of orientations in solution.

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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Tex binds oligonucleic acids

Although the precise function of Tex is not known, the structural motifs observed in the Tex
structure suggest binding to nucleic acids. It has recently been demonstrated by southwestern
and northwestern analysis that recombinant S. pneumoniae Tex can interact with RNA and
DNA,3 although Tex-nucleic acid interactions have not been explored in detail. We therefore
quantified the ability of Tex to bind various nucleic acid substrates using electrophoretic
mobility shift assays. Random 25-mer single stranded (ss) and double stranded (ds) DNA and
RNA sequences were tested for binding (Figure 7). Tex bound all four types of nucleic acids,
with a strong preference for sSRNA (K4 210 £ 50 nM, n=9), and binding affinities were not
altered by the presence of Mg2*. Binding to dsSDNA (Kq 3720 + 150 nM, n = 3), dsSRNA (Kg4
4200 = 147 nM, n = 4), and ssDNA (K4 5100 + 150 nM, n = 4) was more than 10-fold weaker
(Table 11). Binding to an RNA/DNA hybrid was also confirmed though not quantified. Because
Tex binds RNA and DNA chosen at random, including a poly-U ssRNA sequence (data not
shown), binding appears to be sequence-independent, although the possibility of some strong
sequence preferences can not be excluded at this time.

To supplement our electrophoretic mobility shift data and provide a solution-based estimate
of binding, we used fluorescence polarization (FP). The K4 for 25 nt ssSRNA binding to Tex

was 56.6 £ 6.2 nM (n = 5). The ~4-fold decrease in Kq compared to the value determined by
electrophoretic mobility shift likely results from differences in equilibrium considerations in
solution studies versus gel-based electrophoretic methods.30

The length dependence of ssSRNA binding was examined using 10-mer, 13-mer, 16-mer, 20-
mer, and 25-mer sequences. Negligible differences in binding were observed between the 20-
mer and 25-mer sequences, and a modest reduction in binding was observed for the 16-mer
sequence. In contrast, the 13 nucleotide sSRNA bound with markedly reduced affinity, and
binding was not detected with the 10-mer sequence.

Our electrophoretic mobility shift assays reveal two distinct, shifted bands for single-stranded
RNA and DNA (Figure 7). Although this may be an artifact of the native gel electrophoresis,
it may also suggest non-stoichiometric binding or protein multimerization during the binding
event. Studies of other proteins, such as RNase E and PNPase, have shown that S1 domain-
mediated multimerization may be critical for substrate binding and enzymatic activity.28’31
We therefore investigated Tex RNA binding stoichiometry using Fluorescence Polarization
(FP) and gel filtration. Apo Tex elutes from a gel filtration column as a single peak with a
retention time expected for a monomer, even at a very high concentration. Similarly, a
Tex:ssSRNA complex, prepared by premixing Tex and an excess of 20 nt ssSRNA, elutes from
the sizing column as a single peak with the retention time expected for a 1:1 stoichiometry. FP
was also used to estimate stoichiometry by titrating Tex protein into a solution containing a
saturating concentration (> 20-fold above Kg) of 25 nt ssSRNA. Polarization values (P) were
read at each Tex concentration and the values were plotted as P versus the molar ratio of Tex
to ssSRNA. The inflection in this plot represents the point at which Tex has saturated all the
binding sites on the RNA substrate. The inflection point for this experiment occurred at a molar
ratio of 1:1 indicating that a single molecule of Tex binds one 25nt sSRNA molecule (data not
shown).

Oligonucleic acids bind the Tex S1 domain

Tex’s preference for binding sSRNA made the S1 domain an obvious candidate for mediating
binding of nucleic acid. In support of this possibility, we found that protein lacking the S1
domain (TexAS1) was unable to bind ssSRNA, dsRNA, ssDNA, or dsDNA in our
electrophoretic mobility shift assays (Table I1). Itis unlikely that the loss of nucleic acid binding
is due to mis-folding because the TexAS1 protein behaves similarly to the full-length protein

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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throughout the purification process, including gel filtration. Furthermore, significant
repositioning of the S1 domain (with respect to the rest of the protein) in different Tex crystal
forms has little effect on the rest of the Tex structure. These data indicate that although Tex
binds a variety of nucleic acids and is composed of a number of putative nucleic acid binding
maotifs, binding does not occur in the absence of the S1 domain.

In the numerous S1/0OB-fold co-structures determined to date, nucleic acid substrate is
coordinated in the binding cleft via surface-exposed aromatic side chains such as phenylalanine
and more polar groups such as lysine or arginine.27'32 The structure of Tex reveals the
characteristic S1/0OB binding cleft and candidate contact residues: F668, F671, H683, and R718
(Figure 5). When using DALIS3 to align the Tex S1 domain with other S1 structures, Tex
residues F668, F671, H683, and R718 superimpose closely with comparable residues in the
S1 domain RNA-binding clefts of PNPase (PDB 1SRO, 73 Ca, RMSD 2.0 A , 79 Ca, RMSD
1.8 A), and the archeal homolog of the RNAP Il subunit RPB7 (PDB 1GO3 72 Co, RMSD 1.8
A) (Figure 5). These proteins are all reported to bind RNA transcripts in a sequence non-specific
manner with the interaction being important for RNA decay,31 general translation initiation,
34 and transcription initiation. 3236 Given the close alignment of these conserved residues, it
is likely that cellular substrate for Tex is also sequence non-specific RNA transcripts.

Although putative RNA-binding residues align well amongst some S1 proteins, precise
alignment of critical residues does not appear to be required for binding similar RNA substrates.
The crystal structures of the ribonucleases RNase E (PDB 2C0B) and RNase Il (PDB 21X1)
represent co-structures of RNA-bound S1 domains that interact with RNA independent of
sequence. S1 residues making significant contacts in these structures do not align precisely
with one another even though the general composition of side-chains is maintained and the
interaction occurs across the same S1/0B binding cleft. When aligning Tex S1 with these
structures, a similar theme is observed where F668, F671, H683, and R718 are clustered in the
same binding cleft as equivalent RNase E and RNase 11 residues. Based on these observations,
we propose a model for Tex binding to single-stranded RNA via the S1/OB binding cleft
(Figure 5B).

In order to map the nucleic acid binding surface further and to test the binding model, a variety
of Tex S1 domain point mutants were assayed for RNA binding. Mutation of the conserved
S1binding cleft residues F668, F671, H683, and R718 to aspartate or glutamate disrupts SSRNA
binding by at least 46-fold (< 2.2% binding relative to WT Tex) (Table II), with a 135 + 50
fold reduction (0.74 £ 0.30% of WT Tex) in ssSRNA binding when the mutant R718E was
assayed by gel shift. The double mutation F668D/F671D results in a 65 + 3 fold reduction
(1.53 £ 0.08% of WT Tex) in ssSRNA binding and implies that hydrophobic base-stacking and/
or packing interactions on the S1 surface are additionally important. Consistent with the model
that all nucleic acid binding in our assay conditions is to the S1 domain and that sSRNA is the
preferred ligand, affinities for all substrates were reduced in the S1 point mutants, with the
greatest effect seen on binding of sSRNA.

Overall, the structural and binding data indicate that the S1 domain is a highly dynamic module
that is required for nucleic acid binding and displays a strong preference for ssRNA. Binding
is likely to be sequence independent, as has been found for the majority of other described S1
domain-containing proteins, including those that align well with Tex. Although S1 is the
primary nucleic acid binding domain, we cannot rule out minor contributions to binding from
other regions, and it is possible that specific in vivo contexts, such as binding to another partner,
might open additional surfaces for binding to nucleic acid substrates.

Consideration of minimal oligonucleotide length required for Tex binding suggests that S1 is
not the only region that binds the various nucleic acid substrates. 10 nucleotide oligonucleotides

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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do not bind Tex in our assay and a significant decrease in binding affinity observed for sSSRNA
lengths less than 20 nucleotides. A ssSRNA molecule of 10 nucleotides or longer would extend
beyond the available binding surface of the S1 domain implying that additional contacts outside
the S1 domain occur in our assay. This is a familiar theme for S1-containing proteins. For
example, the RNase E S1 domain is a dynamic module that serves as a molecular clamp for
correctly orienting sSRNA substrate.32 Given the modularity of the Tex S1 domain, the
presence of multiple other nucleic-acid binding domains, and a minimal substrate length that
spans a surface larger than that offered by the S1 domain, one attractiveéaossibility is that Tex
may utilitze an S1 molecular clamp binding model similar to RNase E. 2

Putative nuclease activity

Based on the presence of the RNase H fold YqgF domain and the observation that Tex
negatively regulates transcription when overexpressed, Tex is predicted to have ribonuclease
activity.ll2 In conflict with this prediction, however, we have not detected nuclease activity.
There is no indication of nucleic acid degradation in our gel shift experiments. We performed
a qualitative nuclease assay in which the positive controls (RNase T1 and Micrococcal
Nuclease) were active, but activity was at background levels for Tex (data not shown). In
addition, we observe no differences in nucleic acid binding or the very low background
nuclease activity between wild-type Tex and a double mutant in which two putative catalytic
residues in the YqgF domain (Asp335 and Glu421) were changed to alanine (data not shown).
The lack of nuclease activity could be explained by the fact that the Tex YqgF domain lacks
a critical and highly conserved carboxylate residue that is required for metal coordination in
known RNase H-fold ribonucleases (for example, D141 of E.coli RuvC) (Figure 8). Therefore,
in contrast to the earlier prediction,ll2 these data suggest that Tex is not a ribonuclease.

Implications for Spt6

Many S1 domain-containing proteins are factors involved in general processes such as
transcription, translation initiation, and mMRNA decay.25’28’34*35 Consistent with this idea,
comparative genomic and evolutionary studies suggested that Tex represents a bacterial
ortholog of the eukaryotic transcription elongation factor Spt6.5’7 Although Spt6 is twice the
size of Tex, it is predicted to possess YqgF, HhH, and S1 domains in the same order, and to
possess 15% sequence identity (27% similarity) over these regions (Figure 9A). The predicted
secondary structural elements of the Spt6 sequence also show good agreement with the Tex
structure (data not shown).

The nature of the structural similarity between Tex and Spt6 is further clarified by aligning the
Spt6 sequence with the Tex structure. In particular, all of the differences in sequence length
between Tex and Spt6 (e.g. Spt6 insertion sequence) occur on the surface of the Tex structure,
which appears able to accommodate additional sequences without disrupting the core structural
scaffold (data not shown). Additionally, evolutionary conservation scores based on Tex- and
Spt6-related sequences were assigned for each Tex amino acid residue, and mapped onto the
Tex structure using the Consurf server.37 Most of the conserved residues identified by this
method appear to be involved in packing interactions in the Tex structure. These observations
suggest that Spt6 retains the core Tex structure, with variations on the periphery, along with
additional domain features at the N- and C-terminal ends (described below).

Unlike Tex, Spt6 possesses an SH2-like domain C-terminal to the S1 domain.38 Given the
proximity of the SH2-like sequence to the S1 domain, it is likely that this domain lies along
one face of the Spt6 structure, as indicated in Figure 9. The Spt6 SH2-like domain is reported
to mediate interactions with the C-terminal domain (CTD) of RNA polymerase 11 (RNAPII).
12 Based on the mobility of the S1 domain observed in the Tex structures, it is likely that Spt6
binds RNAPII via a flexible tether.

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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Structural comparisons suggest that a region toward the Spt6 N-terminus may possess histone
chaperone activity. A DALI search of the Tex HtH domain identified significant structural
homology (z—score = 5.2, RMSD = 2.4 A) with the nucleosome-binding SLIDE domain of
ISWI (PDB 1OFC).39 While there is insufficient sequence for Tex to form a complete SLIDE-
like nucleosome binding domain, Spt6 contains additional sequence N-terminal to the region
of Tex homology that could potentially fulfill this role. In this model, histone chaperone activity
would be located on the face of Spt6 opposite from the S1 and SH2-like domains (Figure 9).

Spt6 has demonstrated eukaryotic exosome recruiting faculties12 and we have observed that
Tex co-purifies with RNase E and PNPase, which in E. coli are components of the RNA
degradosome (1.V.-G. and S.L.D., unpublished data). This may at least partially explain why
Tex appears to negatively effect transcription when overexpressedl-2 but does not itself appear
to possess ribonuclease activity in our assays; it may be coordinating the recruitment, or
influencing the activities, of degradosome-associated ribonucleases. Further, Spt6 interacts
with an elongating RNA polymerase at the CTD based on elongation specific phosphorylation.
12 The observation that Tex from P. aeruginosa co-purifies with components of RNA
polymerase (1.V.-G.and S.L.D., unpublished data) suggests it may be associated, either directly
or indirectly, with the transcription machinery; functional parallels may therefore exist between
Spt6 and Tex.

In summary, the Tex crystal structures reveal an elongated, helical protein comprising several
putative nucleic acid binding domains. Biochemical characterization revealed that Tex binds
single-stranded and double-stranded DNA and RNA substrates with a preference for sSSRNA,
with a primary interface being mediated by interactions along the canonical OB-fold binding
cleft of the Tex S1 domain. The Tex structure provides a model for the core of the eukaryotic
transcription factor Spt6, and raises the possibility that the N-terminal portion of Spt6
constitutes a nucleosome-binding domain that evolved from an HtH domain.

Materials and methods

Tex protein expression and purification

Full-length Tex from Pseudomonas aeruginosa strain PAO1 was cloned into a pET24 kan
expression vector containing a C-terminal 6-histidine tag. The plasmid was transformed into
cells of E. coli BL21-codonplus-(DE3)-RP (Stratagene). Cells were grown in LB media and
induced with 1 mg/ml IPTG at an OD600 of 0.6 or alternatively grown using an autoinduction
method as described in.40 In both cases, cells were grown at 37 °C for 5 hours then transferred
to 20 °C and grown to saturation. Harvested cells were stored at -80 °C.

Cells were thawed and resuspended in lysis buffer (50 mM Tris, pH 7.5; 500 mM NacCl; 10 %
glycerol; 10 mM imidazole; 2 mM BME) in the presence of lysozyme and protease inhibitors.
Following sonication and centrifugation (25,000 x g), the soluble fraction was applied to Ni-
NTA agarose resin (Qiagen) and eluted with 300mM imidazole. Protein was dialyzed (50 mM
Tris, pH 7.0; 10% glycerol; 2 mM BME; 35 mM NacCl), applied to a heparin column (5 ml
HiTrap Heparin HP, GE Healthcare), and eluted over a NaCl gradient. AS1 Tex was purified
in the same way but a Q ion-exchange column (5 ml HiTrap Q HP, GE Healthcare) was used
instead of the Heparin column as the AS1 construct did not bind Heparin. Peak fractions from
either Heparin or Q columns were pooled, dialyzed (50 mM Tris, pH 7.5; 5 % glycerol; 100
mM NaCl; 2 mM BME), and run over a size exclusion column (Superdex 200 26/70; GE
Healthcare). Selenomethionine-substituted Tex protein was expressed41 and purified using the
same protocol as native protein.

J Mol Biol. Author manuscript; available in PMC 2009 May 11.
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Tex crystallization and structure determination

Crystals (Se-met and crystal form I) were grown by sitting drop vapor diffusion in 19 % (w/
v) PEG 3350, 0.1M Bis-Tris pH 5.5, 0.17 M ammonium sulfate, and 10 % (v/v) glycerol. A
second crystal form (crystal form I1) was grown in 18 % w/v PEG 4000, and 100 mM Sodium
Acetate pH 4.6. Data were collected at the National Synchrotron Light Source (NSLS) at
Brookhaven National Lab (BNL) for crystal form | and on a home source (Rigaku Raxis V)
for crystal form 11 (Table ). X-ray diffraction data were processed using HKL2000.42

Phases were determined for the form | crystals by the single anomalous dispersion (SAD)
method using seleonomethionine-substituted Tex. The programs Solve3 and Resolve?4 were
used to identify selenium positions (12 out of 13 potential sites were identified) to calculate
initial maps to 3.4 A resolution followed by phase extension to 2.7 A. Data from native crystals
grown in the same conditions (crystal form I) were subsequently collected to extend the
resolution of the Tex structure to 2.5 A. A 2.3 A structure (crystal form 11) was determined
using crystal form I as a model for molecular replacement in PHASER.4° Refinement was
performed using CNS46, Phenix47, and Refmac48. 049, coot>Vand Molprobitys51 were used
for model building and validation. PyMoI52 was used to prepare figures, superimpose the Tex
structures, and perform electrostatic calculations (APBS tools). The Consurf server3’ was used
to calculate evolutionary based conservation scores.

Nucleic acid binding assays

Oligonucleotides were designed using random sequence and purchased from the University of
Utah DNA/Peptide Core facility. Oligonucleotide sequences used in this study are (5’ to 3'):
UCUUUUCCUGUGUUUUUCCGCAAUC (25 nt ssSRNA and 25 bp dsRNA, sense),
GATTGCGGAAAAACACAGGAAAAGA (25 nt ssDNA),
CGCAGGCCCGGCGCGAGGCCGAGGG (25 bp dsDNA, sense),
UCCUGUGUUUUUCCGCAAUC (20 nt ssRNA), UUGUUUUUCCGCAAUC (16 nt
sSRNA), UUUUUCCGCAAUC (13 nt ssSRNA), UUCCGCAAUC (10 nt ssRNA). Prior to
binding studies, oligonucleotides were gel purified on a 20% acrylamide/7M Urea denaturing
gel. Double-stranded substrates were mixed in equimolar amounts in 10 mM Tris-HCI pH 7.5
and 40 mM KCI with one strand being end-labeled with fluorescein. Samples were annealed
by boiling (5 min) and slow (2 hour) cooling to room temperature, and gel purified using a
non-denaturing 20% acrylamide gel.

Gel mobility shift assays were performed by mixing varying concentrations of protein with
nucleic acid substrate in binding buffer (15 mM Tris-HCI pH 7.5, 100 mM NaCl, 10% Glycerol,
and 1U/ul RNasin (Promega) or 1U/ul RNaseOUT (Invitrogen). The final concentration of
nucleic acid used in each experiment was at least 20-fold below the K4 for the respective
substrate/protein. Reactions were incubated at room temperature for 30 minutes then assayed
by electrophoresis using 4-20% TBE native gels (Bio-rad Laboratories) at room temperature.
Gels were imaged and quantified using a TYPHOON imaging system with Imagequant
software (GE Healthsciences). The fraction bound was calculated by quantifying the RNA/
DNAota (total fluorescence in entire lane) and RNA/DNA¢ce. All RNA/DNAs of slower
mobility than the RNA/DNA#e Were considered bound. The fraction bound = 1 — ([RNA/
DNAJ¢e/[RNA/DNA]otal)- Dissociation constants (Kgs) were calculated by plotting data
points and curve fitting using the Hill Formalism where Fraction Bound = 1/(1 + (K4V[P 1M).
Average Ky values were determined by fitting data points from individual experiments then
averaging the calculated dissociation constants. All plots and curve fits were performed using
the program Kaleidagraph (Synergy Software).
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Fluorescence Polarization

Fluorescence Polarization (FP) was performed in 96 well format using a Tecan fluorimeter
with the same fluorescein-labeled substrates and buffer conditions as the shift analysis. Tex
concentrations were varied in individual wells and mixed with RNA at a final concentration
that was at least 10-fold below the Ky. Samples were incubated at room temperature for at least
30 minutes prior to measuring polarization. Polarization values (P) were measured and plotted
as a function of Tex concentration. Data points were fit using P = ((Ppound - Pfree) [TEX]/Kg +
[Tex]) + Psree- The free and total protein concentrations are assumed to be equal because the
RNA concentration is at least ten-fold lower than the Kg.

When using FP to evaluate binding stoichiometry, polarization measurements were performed
following the procedure described in°3. RNA was mixed in binding buffer solution at a
concentration 20-fold above the Ky. Protein was titrated into the RNA solution until
polarization values leveled off, and polarization values were plotted as a function of the
concentration ratio of Tex protein vs. RNA substrate. The Tex /RNA ratio where an inflection
in the data occurs represents the binding stoichiometry, as this is the point where Tex has been
saturated by RNA and polarization values change modestly as protein concentration is
increased.

Protein Data Bank accession numbers

Coordinates and structure factors for Tex crystal form I and crystal form 11 have been deposited
in the Protein Data Bank with accession numbers 3BZC and 3BZK, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of Tex. (A) Structure of Tex. The structure is colored from N-terminus (blue)
to C-terminus (red). (B) Tex amino acid sequence. The observed secondary structure is
indicated above the sequence. Identified domains are indicated below the sequence. (C) Tex
surface representation in two orthogonal views. Left hand view is the same as panel A.
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Figure 2.

Tex domain arrangement. (A-B) Orthogonal views of ribbon diagram of the Tex structure.
Structural motifs identified from primary sequence and structural analyses are colored. Blue,
helix-turn-helix motif. Red, YqgF homologous domain. Yellow, tandem helix-hairpin-helix
motif. Green, S1 domain. (C) Tex domain structure, colored as in (A-B). The segment boxed
with dotted lines, comprising residues 1-730, indicates the region of Tex sequence observed
in the crystal structure.
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Figure 3.

Model for single-stranded nucleic acid binding to Tex HtH motif. The archeal Hel308 structure
(PDB 2P6R; only the DNA is shown here) was superimposed on the Tex structure (gray) by
aligning HtH regions (blue). The path of the superimposed Hel308-bound ssDNA projects
through a hole in the core of the Tex structure. The structure is oriented as in Figure 1A.
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Helix 26 Helix 26

Figure 4.

The Tex (HhH), domain stereoview. Tandem helix-hairpin-helix (HhH) motifs (yellow and
orange) are linked by a short loop (gray) and pack together to form a single (HhH), domain.
Conserved hydrophobic residues that comprise the core of the HhH packing surface are
indicated. The view is looking down on the surface that binds dsDNA in other structures.
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90°

Figure 5.

The Tex S1 domain. (A) Two orthogonal cartoon representations with conserved residues
R718, H683, F668, and F671 shown in green. Right, a close-up view of an alignment of
conserved residues from structurally related S1domains: green=Tex, orange= PNPaseS1 (PDB
1SRO), yellow= archealRPB4/7 (PDB 1G03), blue=archeallFa (PDB 1ZY6). (B) A
hypothetical model for RNA binding to the S1 domain binding cleft. The crystal structures of
S1 domains with bound RNA from RNaseE (PDB 2COB, red) and RNasell (PDB 21X1, blue)
were aligned with Tex S1 using DALI.33 As illustrated, ssRNA binds the same face of the
different S1 domains but considerable differences in detail are apparent. (C) Surface
re;)resentation showing primary sequence conservation as assigned by the CONSURF server.
37 Conservation is indicated as a gradient from magenta (high) to white (low). In contrast to
the view shown here, minimal conservation is observed on the opposite face of the S1 domain.
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Figure 6.

S1 domain mobility. Significant rearrangement of the S1 domain is observed in different crystal
forms of the Tex structure. The 2.5 A (crystal form I, gray) and 2.3 A (crystal form 11, green)
crystal structures are superimposed. A side view of the superimposed crystal structures (inset)
highlights a 14 A shift between the two S1 domains.
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Figure 7.

Electrophoretic mobility shift data for Tex binding different substrates. (A) Full-length Tex
protein was added in increasing concentrations to 5'-fluorescein labeled ssSRNA (top left),
dsRNA (top right), ssSDNA (bottom left), or dsSDNA (bottom right). Nucleic acid bound Tex
complexes were resolved from free substrate by native gel electrophoresis. (B) Representative
binding isotherms for the gel shifts represented in (A). Shifts and respective isotherms were
repeated at least three times for each substrate. Resulting Ky values with standard error (in
puM) were 0.21 £ 0.05 for 25bp sSRNA, 4.2 £ 1.47 for 25bp dsRNA, 5.1 = 1.5 for 25bp sSDNA,
and 3.7 = 0.15 for 25bp ssDNA. (C) Fluorescence Polarization (FP) binding isotherm for Tex
Binding to fluorescein labeled 25bp ssSRNA. Data points with error bars (standard error)
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represent average with Polarization values (P) were measured for increasing concentrations of

Tex. Kq and standard error for Tex binding sSRNA based on FP experiments is 0.057 £ 0.006
puM.
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D335

Helix 19

Figure 8.

The Tex Yqgf (red) superimposed on the E. coli RuvC (sand) (PDB 1HJR, 120 Ca, 3.0 RMSD)
and an exploded view of the catalytic center. The RuvC catalytic residues D7, E66, D141, and
D138 are shown in stick representation aligned with Tex residues D335, D421, and D441 that
share the same basic geometric orientation in the catalytic center. Although three of the four
conserved catalytic residues are present in Tex, there is no equivalent acidic residue present at
the location corresponding to RuvC D141.
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Figure 9.

Model for Spt6 structure. (A) Comparison of Tex and Spt6 domain structures. (B) The Tex
structure is used to model the central portion of the Spt6 structure (surface representation). A
proposed nucleosome binding domain (magenta, inset panel) is modeled based on structural
alignment with the C-terminal portion of the Iswl nucleosome interacting domain (PDB
10FC). An SH2-like domain (orange, PDB 1PIC) is modeled at the C-terminal end of the S1
domain.
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Tablel
Data Collection and Refinement Statistics
Tex Se-met Tex native 1 Tex native 2
crystal form | crystal form | crystal form |1

Data Collection
Beamline NSLS X29 NSLS X29 home source
Wavelength (A) 0.978 1.10000 154178
Resolution (A) 40-2.7 50-2.5 20-2.3
Outer shell (A) 2.8-2.7 2.59-2.5 2.38-2.3
No. reflections

Unique 23,640 35,199 38347

Total 273,923 448,770 343965
Mean I/cs,* 21.1(4.8) 30.0 (4.2) 19.0 (3.3)
Completeness (%) 91.2 (61.7) 90.4 (64.8) 99.4 (99.3)
Rsym*a 9.0 (32.0) 8.6 (40.3) 8.4 (50.7)
Space group P2,2,2, P2,2,2, P2,2,2,
Unit cell dimensions (A) a=57.0 a=57.2 a=56.2

b=135.1 b=131.8 b=106.7
c=1445 c=144.0 c=139.7

Phasing (40-3.4 A)

FOM, before DM (Solve) 0.320

FOM, after DM (Resolve) 0.720
Refinement
Rcrystb IRgree’ (%) 24.0/27.4 22.1/26.6
Non-hydrogen atoms

Total 5692 5884

Solvent 73 256
RMSD from ideal geometry

Bond lengths (A) 0.004 0.004

Bond angles (°) 0.6 0.6
Average Isotropic B Value (A?) 66.7 27.4
Protein geometryd

Ramachandran outliers (%) 0.0 0.0

Ramachandran favored (%) 96.2 98.5

Rotamer outliers (%) 0.2 0.2

*Values in parentheses correspond to those in the outer resolution shell
aRs,ymz (Z|(1-<1=)/(Z1), where <I> is the average intensity of multiple measurements.
b
Reryst = (ZFobs-Fcalcl)/(ZIFobs|)-
chree is the R-factor based on 5% of the data excluded from refinement.

dGeometry statistics were determined by Molprobityr"—’l
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Table 2

Tex binding affinities from gel mobility shift assays.

a Percent Binding
Ka” (uM) Relative to WT
Protein
25 nt ssRNA
WT Tex 0.21+0.05 100%
AS1 Tex ndP <0.1%
R718E 28.4+114 0.74£0.30 %
F668D/F671D 13.7+£0.7 1.53+0.08 %
F668D 155+55 1.35+0.48 %
F671D 9.8+1.7 214+0.37%
H683E 10.7+£35 1.96 + 0.64 %
25 bp dsRNA
WT Tex 42+1.47 100%
AS1 Tex nd <0.1%
R718E 46.9+6.3 8.96 £1.20 %
F668D/F671D 21.2+115 19.8+10.6 %
25 bp dsDNA
WT Tex 3.7+0.15 100%
AS1 Tex nd <0.1%
R718E 48.3+5.2 7.66 £0.82 %
F668D/F671D 20.4+3.8 18.1+3.38%
25 bp dsDNA
WT Tex 51+15 100%
AS1 Tex nd <0.1%
R718E 118.7 +10.7 4.30+0.39%
F668D/F671D 55.3+6.0 9.22 £ 1.00 %

a\/alues represent the average Kg from multiple experiments (2 < n <9) + standard error

bNo binding detected
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