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The eukaryotic Spt4-Spt5 heterodimer forms a higher-order complex with RNA polymerase II (and I) to regulate transcription
elongation. Extensive genetic and functional data have revealed diverse roles of Spt4-Spt5 in coupling elongation with chromatin
modification and RNA-processing pathways. A mechanistic understanding of the diverse functions of Spt4-Spt5 is hampered by
challenges in resolving the distribution of functions among its structural domains, including the five KOW domains in Spt5, and
alack of their high-resolution structures. We present high-resolution crystallographic results demonstrating that distinct struc-
tures are formed by the first through third KOW domains (KOW1-Linker1 [K1L1] and KOW2-KOW?3) of Saccharomyces cerevi-

siae Spt5. The structure reveals that K1L1 displays a positively charged patch (PCP) on its surface, which binds nucleic acids in
vitro, as shown in biochemical assays, and is important for in vivo function, as shown in growth assays. Furthermore, assays in
yeast have shown that the PCP has a function that partially overlaps that of Spt4. Synthesis of our results with previous evidence
suggests a model in which Spt4 and the K1L1 domain of Spt5 form functionally overlapping interactions with nucleic acids up-
stream of the transcription bubble, and this mechanism may confer robustness on processes associated with transcription

elongation.

Transcription by RNA polymerase (RNAP) 1T is a regulated pro-
cess that requires over 60 different accessory factors that inter-
act dynamically with the polymerase as it proceeds through the
three main stages of transcription: initiation, elongation, and ter-
mination (1). Each RNAP II complex is structurally and biochem-
ically tuned to cope with a set of conditions (e.g., the chromatin
state) and to accomplish specific functions (e.g., promoter-depen-
dent initiation) associated with a particular stage of transcription.
In eukaryotes, the processes of RNAP II elongation and termina-
tion interact closely with pathways of pre-mRNA processing, 3'-
end formation, and RNA export (2—4) and thus form temporally
and spatially coupled activities that together determine transcrip-
tional responses to intrinsic and extrinsic signaling and regulate
RNA metabolism. The heterodimeric complex of Spt4-Spt5 is one
of several protein factors that participate in all of the steps that
follow transcription initiation. Saccharomyces cerevisiae Spt4-Spt5
is known to coordinate transcription elongation with chromatin
remodeling and histone modification; it functions as a general
elongation factor for both RNAP II and RNAP I and coordinates
with 5" capping, splicing, and 3’-end processing of transcripts
(reviewed by Hartzog and Fu [5]). The metazoan homolog of
Spt4-Spt5, DSIF, partners with NELF and additional RNAP II-
associated complexes (e.g., P-TEFb and Mediator) to impart a
pause-and-release mechanism that regulates RNAP II activity
during the initiation-to-elongation transition near promoter-
proximal regions (6-8). While facilitative for transcription elon-
gation, Spt4-Spt5 also plays roles in other nuclear transactions,
including repression of transcription-coupled DNA repair (9-11),
maintenance of chromosome integrity, and immunoglobulin so-
matic hypermutation and class switch recombination (12). Cur-
rent data indicate that Spt4-Spt5 executes these functions as part
of a stable complex with the elongating RNAP II (13-17); Spt4-
Spt5 is not found in the preinitiation complex; rather, it first as-
sociates with RNAP II early in elongation (14, 18-20). It is con-
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ceivable that Spt4-Spt5 facilitates these functions by providing
interfaces with other factors that bring about regulation of tran-
scription and pre-mRNA processing. As such, Spt4-Spt5 may be
generally considered the mediator of elongation and the complex
it forms with an RNAP as the holo-elongation complex.

Alarge number of reported genetic and functional interactions
suggest that Spt4-Spt5 may either directly or indirectly mediate
interactions between an elongating RNAP II and a large set of its
accessory factors (5). Consistent with this, Spt5 is a large protein
with multiple domains that can present, along with Spt4, many
potential interaction surfaces. Eukaryotic Spt5 contains an un-
folded N-terminal acidic region interspersed with two short seg-
ments enriched in basic residues (see Fig. S1 in the supplemental
material). Another unstructured region (the C-terminal repeated
region [CTR]), which comprises a set of short repeats whose con-
sensus motifs vary across species, is found at its C terminus (21—
23). The CTR is subject to phosphorylation and participates in
Spt5’s mediation of nuclear activities, such as RNA capping to
transcription (5). The central region of Spt5 begins with an NGN
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domain that is structurally similar to the N-terminal domain of
bacterial elongation factor NusG (NGN). The NGN domain is
structurally conserved throughout bacterial NusG and archaeal
and eukaryotic Spt5 proteins (24). In eukaryotes and archaea, the
NGN domain forms a heterodimer with Spt4, a small zinc finger
protein with no counterpart in bacteria (see Fig. S2A in the sup-
plemental material). The archaeal NGN binds to the Clamp do-
main of RNAP (25, 26), forming an arch over the extensive DNA/
RNA binding cleft in RNAP; this suggests nucleic acid (NA)
encirclement in the holo-elongation complex as a mechanism for
promoting transcription processivity (27). This model is consis-
tent with the NGN-based RNAP interaction model for RfaH (28),
a paralog of NusG, and offers a mechanistic explanation for func-
tional roles of the NusG family factors in promoting elongation
(25, 29, 30). In eukaryotes, the remainder of the central region
between the NGN and the CTR contains five KOW motif-con-
taining domains (31). In contrast, the archaeal and bacterial pro-
teins contain only a single C-terminal KOW domain without a
CTR-like tail (see Fig. S2A in the supplemental material).

What are the roles of the multiple KOWs in Spt5? Deletions of
yeast KOW2 and KOW4-KOWS5 are associated with severe growth
defects in yeast (10, 11, 17), indicating important functions of the
KOW domains in vivo. Structural studies have shown that isolated
KOW domains of NusG and both archaeal (30, 32-34) and hu-
man Spt5 (Protein Data Bank [PDB] IDs 2E6Z, 2E70, and 3H7H)
all adopt the same fold as the B-barrel of Tudor domains. Tudor
domains are structurally compact (~50-amino-acid) modules
that mediate protein-protein and protein-NA interactions in di-
verse molecular systems (35). It is logical to propose that the
KOWs of Spt5 mediate interactions between transcription-cou-
pled activities and RNAP, and they may also promote interactions
with NAs. A recent protein cross-linking study identified interac-
tion partners between certain modules of RNAP II and the KOWs
that are important for transcription elongation and transcription-
coupled DNA repair (11), which has begun to shed light on these
roles. However, the extent of structural similarity among the
KOW domains of eukaryotic Spt5, whether the KOWs mediate
similar or distinct functions, and their functional relationship
with other domains of Spt5 and Spt4 remain unknown.

Here, we present X-ray results demonstrating that Spt5’s KOW
domains form different structures. Surprisingly, the first KOW
domain cofolds with the polypeptide (Linker1) that links the first
and second KOW domains, and Linker] assumes a novel fold in
the KOW1-Linker1 (K1L1) rigid-body structure. The second and
third KOWs adopt a tandem Tudor fold to form a rigid structure
(K2K3). The high-resolution structure of K1L1 reveals a positively
charged surface area that binds NAs in a non-sequence-specific
manner in vitro. Binding site mutations that abolished NA inter-
actions in vitro generated severe growth defects in the yeast strain
lacking the SPT4 gene but no observable defects in cells with the
wild type (WT). This suggests an iterated NA interaction function
within the Spt4-Spt5 heterodimer. Synthesis with available struc-
tural data prompts the proposal that Spt4 and K1L1 of Spt5 form
functionally overlapping interactions with NAs upstream of the
transcription bubble and may thus impart robustness to tran-
scription elongation and associated processes.

MATERIALS AND METHODS

Recombinant proteins. For crystallographic studies, the various Spt5 do-
mains were each subcloned into the pET-SUMO plasmid (Life Technol-
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ogy) after optimization of codons according to the Escherichia coli codon
usage. Sequence-confirmed plasmids were each transformed into E. coli
strain BL21(DE3) for protein expression. Cultures (1.0 liter) were grown
for each expression construct to an optical density at 600 nm (ODy,) of
about 0.6 at 37°C and then induced with 0.5 mM isopropyl-B-p-thioga-
lactopyranoside (IPTG) at 16°C overnight. The harvested cells were lysed
on ice with 0.2 mg/ml lysozyme and gentle sonication (200 W for 3 s 20
times) in the loading buffer (10 mM Tris-HCI, pH 8.0, 15% glycerol, 150
mM sodium chloride, 2.0 mM 2-mercaptoethanol, 1.0 mM phenylmeth-
ylsulfonyl fluoride [PMSF]). The purification entails Ni-nitrilotriacetic
acid (NTA) metal-chelating chromatography via a His, tag on the N-ter-
minal SUMO moiety, Ulp1 cleavage of the SUMO tag (1 mgof Ulp1 at4°C
overnight), ionic-exchange chromatography, a second Ni-NTA step to
remove the SUMO protein, and gel filtration chromatography. The K2K3
protein with a selenomethionine (Se-Met) substitution was expressed
from a culture of E. coli strain B834 in M9 minimal medium with Se-Met
(Novagen) and purified similarly.

For the in vitro nucleic acid binding assay, the various Spt5 domains
were each subcloned into the plasmid pET24b(+) (Novagen) and trans-
formed into E. coli BL21(DE3). Cultures (300 ml) were grown at 37°C to
an ODy, of 0.6 to 0.7 and induced with 1 mM IPTG at 20°C overnight.
The harvested cells were lysed by sonication and cleared by centrifugation.
The recombinant proteins were purified over Ni-NTA resin via a C-ter-
minal His, tag. Linker2-KOW4 (L2K4) and Linker3-KOWS5 (L3K5) were
further purified with additional ionic-exchange (Mono-S) and gel filtra-
tion (Superose-6) chromatographic steps. K1L1 mutants were generated
with QuikChange (Stratagene), using the pET24b expression construct as
the starting template, and purified similarly.

Protein primary structure analysis. Sequence alignments were
performed using ClustalX (36) or ClustalW (37) and visualized with
SEAVIEW (38). Initial domain annotation for the S. cerevisiae Spt5 se-
quence was done following the method of Hartzog and Fu (5) to delineate
the NGN domain, five KOW domains, the N-terminal acidic region, and
the CTR. Three linker regions of significant size separating the KOW
domains were named Linker1 (between KOW1 and KOW?2), Linker2 (be-
tween KOW3 and KOW4), and Linker3 (between KOW4 and KOWS5).
Figures showing the sequence alignment and annotation were created
with Aline (39). The N-terminal acidic and linker regions were initially
evaluated for potential folding through disorder predications using Glob-
Plot (40) and DisEMBL (41).

Consensus sequences of the KOWI1 through KOW5 domains are
shown with letters scaled according to the aligned sequences of Spt5 from
S. cerevisiae, Schizosaccharomyces pombe, Caenorhabditis elegans, Drosoph-
ila melanogaster, Homo sapiens, Danio rerio, and Mus musculus, and the
numbering follows that of S. cerevisiae. The scaled consensus sequence for
bacterial KOW domains was calculated from the aligned NusG sequences
of the eubacteria Aquifex aeolicus, E. coli, and Thermus thermophilus and
the Spt5 sequences of the archaea Thermococcus gammatolerans, Pyrococ-
cus furiosus, and Methanoculleus bourgensis, and the numbering follows
that of A. aeolicus. Single-letter amino acid characters were scaled accord-
ing to a method described previously (42). Secondary structures were
predicted using the Jpred3 server (43).

Protein-folding prediction. Further prediction of folding was per-
formed using Rosetta (44). Two sequences within the Linker1 region were
selected: Spt5 residues 433 to 511, covering the entire Linkerl, and a
shorter sequence, 460 to 511, with a lower degree of disorder based on the
disorder prediction. For each sequence, 30,000 low-energy conformations
were generated and clustered, and the clusters were ranked by member-
ship size following the standard Rosetta ab initio protocol. Control com-
putations, conducted for the KOW/Tudor domains of Spt5, suggested
that 30,000 conformations would be sufficient for structures of this size.
The top-ranking structures for the Linker1 sequence were consistent with
the top-ranking structures for the shorter sequence (root mean square
[RMS], 2.826 A), further suggesting that this region could correspond to a
folded domain. Subsequent to the determination of the X-ray structure of
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K1L1, however, it was found that the predicted structures of Linker1 did
not resemble the experimental structure. This might be due to the cross-
domain region that was used in the Rosetta prediction—part of Linker1
plus the C-terminal part of the KOW1/Tudor domain—not an indepen-
dently folded domain.

Crystallographic procedures. Crystallization of the K1L1 domain was
carried out in hanging drops at 20°C. The drops were formed by mixing
2.5 pl protein (3.5 mg/ml) and 1 pl mother liquor (0.1 M Tris-HCI, pH
8.0, 30% [wt/vol] polyethylene glycol [PEG] 3350). Crystals of K1L1 were
cryoprotected in 0.1 M Tris-HCI, pH 8.0, 40% (wt/vol) PEG 3350, 150
mM sodium chloride, 5% glycerol and flash-frozen in liquid nitrogen.
The K2K3 and Se-Met K2K3 proteins were concentrated to 20 mg/ml (in
10 mM Tris-HCI, pH 8.0, 5% glycerol, 0.5 mM EDTA, and 2.0 mM
B-mercaptoethanol [B-ME]) and crystallized in hanging drops at 20°C
with mother liquor consisting of 0.1 M sodium citrate, pH 5.0, 0.5 M
ammonium sulfate, and 1.0 M lithium sulfate.

X-ray diffraction experiments were carried out at both the Shanghai
Synchrotron Radiation Facility and the Australian Synchrotron. A native
data set was collected from the K1L1 crystal to 1.09-A resolution at the
Shanghai facility, and a sulfa-anomalous data set (A = 1.5484 A) was
collected at the Australian site to 1.55-A resolution. Protein phases for
K1L1 were calculated based on the single-wavelength anomalous diffrac-
tion (SAD) signal arising from sulfur atoms of the cystines in the protein,
using standard programs (XDS [45] and SHLEX C/D/E and CCP4 [46]),
and improved with PARROT. Model building was initiated with ARP/
wARP and refined with Refmac5 and Coot (47). Final refinement of K1L1
was carried out against the native data set (1.09 A) using Coot and PHE-
NIX (48). Molprobity (49) was used to monitor stereochemical factors,
such as bond length, clashes, and Ramachandran (main-chain torsion
angle) plot. The K2K3 structure was determined based on the experimen-
tal electron density map that had been phased using the Se-Met SAD data
set collected at the selenium absorption edge (A = 0.9793 A). The same
data set was used, after merging Friedel pairs, for refining the K2K3 model.

Structure analysis. Structural homologs of the yeast KOW/Tudor do-
mains were identified by full-text search of the PDB (50) and manually
removing unrelated results. For comparisons of electrostatic surface po-
tentials, nonprotein components (water and other small molecules) were
removed. For nuclear magnetic resonance (NMR) structures, all models
but the first were removed. The models were parameterized by PDB 2PQR
(51) using the CHARMM force field (52). The electrostatic potentials on
the solvent-accessible surfaces of structural models were calculated using
the APBS algorithm (53) and presented in kT units (k is the Boltzman
constant; T'is the absolute temperature) (54). The values of buried protein
surface areas were calculated using the CNS package (http://cns-online
.org/v1.3). Identification of hydrogen bond partners was aided by the
program CONTACT within the CCP4 package. Secondary-structure to-
pology diagrams were generated using the TopDraw procedure (55).

EMSA. An electrophoretic mobility shift assay (EMSA) was used to
assess protein-nucleic acid interactions. Recombinant proteins of the var-
ious KOW domains with and without a linker region were purified as
described above. To measure binding with DNA, single-stranded deoxyo-
ligonucleotides of 38 and 20 bases were chemically synthesized (ITD) with
a5’ 6-carboxytetramethylrhodamine (TAMRA) (N-hydroxysuccinimide
[NHS] ester) for fluorescence detection. The sequences were randomly
chosen. Double-stranded 20-mer probes were formed from annealing
reactions with an unlabeled cDNA strand of the same length. For binding
involving RNA, a single-stranded oligonucleotide was synthesized in the
same sequence as that of the fluorescently labeled single-stranded DNA
(ssDNA) 20-mer and also labeled with a 5" TAMRA. Binding reactions
were assembled in the gel shift buffer (10 mM Tris-HCI, 80 mM KCl, 2
mM MgCl,, 12% glycerol, 12 mM EDTA, pH 7.0) with 0.1 mg/ml bovine
serum albumin (BSA) and proteins and nucleic acids at the concentra-
tions indicated for the figures. EMSAs were performed with 8% (37.5:1
cross-linking) nondenaturing polyacrylamide gels strengthened with
0.2% agarose (using a hot stock of 1% agarose) and standard Tris-borate-
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EDTA (TBE) as the running buffer, and the gels were run at 150 Vin a
Protean II assembly (Bio-Rad) at room temperature for 2 h. The wet gels
were imaged by fluorescence scanning on a Typhoon FLA 7000 laser scan-
ner (GE Healthcare) using filters of 532 nm for excitation and 580 nm for
detection. Quantification of fluorescent bands was carried out with the
ImageQuant TL software (GE Healthcare). The apparent dissociation
constant (K,) for a particular binding reaction was determined from the
50% saturation point of a binding curve; each data point was taken as a
percentage of the bound amount of the input probe. For all the in vitro
binding experiments, a percent bound value was measured from the dis-
appearance of a free probe, which consistently appeared as a sharp band.

Plasmid shuffle and yeast growth. Standard methods were followed
in making yeast media and conducting growth assays (56). The strains
GHY1066 (MATa his3A200 lys2-1283 leu2A1 ura3-52 trpIA63 spt5A3:
HIS3 [pMS4]) and GHY1172 (MATa his3A200 lys2-1283 leu2AI ura3-52
trplA63 spt5A4::TRPI spt4A2:HIS3 [pMS4]) were generated for this
study using standard methods. spr4A2::HIS3 has the entire SPT4 coding
sequence removed, and spr5A3::HIS3 has all but the first 4 and last 20
codons of SPT5 removed. Plasmid pMS4 (URA3 CEN SPT5) (21) was
used to maintain viability of the strains in the absence of the chromosomal
copy of SPT5. The two strains were each transformed with a derivative of
pRS415 (LEU2 CEN) carrying either the wild-type SPT5 modified with a
triplicate N-terminal Myc epitope (pRS415 3Myc-SPT5) (10) or a 3Myc-
spt5 mutant allele (pRS415 3Myc-spt5_Q1 through -Q25). Transformants
were selected from synthetic complete medium lacking Leu and Ura
(SC—Leu—Ura) plates and then cultured in liquid SC—Leu medium to
allow the loss of pMS4. Similar aliquots of each culture were applied
to and streaked out on SC—Leu plus 5-fluoroorotic acid (5-FOA) plates to
select for cells that had lost pMS4 and thus depended upon the pRS415
plasmid carrying an spt5 allele for growth. Growth rates of nonlethal
strains isolated from the 5-FOA plates (5-FOA resistant) were monitored
using a spot dilution assay, in which cells that had grown to stationary
phase were adjusted to the same density (ODg, = 0.20; no morphological
differences were observed among the strains), serially 10-fold diluted, and
applied to solid medium plates (5.0 pl each). The compositions of the
plates and incubation temperatures are specified in the text. For shuffle
assays in the absence of TFIIS (ppr2A), the strain GHY2731 (MATa
his3A200 lys2-1285 leu2A1 ura3-52 trpl1A63 spt5A4::TRP1 ppr2A0:KAN
[pMS4]) was used with the above-mentioned plasmids bearing the spt5
alleles Q1 to Q20.

Site-directed mutations in SPT5 were generated by the QuikChange
(Stratagene) method using a plasmid carrying an Ncol and BglII fragment
excised from pRS415 3Myc-SPT5. This fragment encompasses the K1L1
region of Spt5. Once verified by sequencing, a fragment carrying a muta-
tion was subcloned back into pRS415 3Myc-SPT5. The specific amino
acid changes caused by the mutations are described in the text, and the
sequences of the oligonucleotides used to introduce the mutations are
available upon request.

The spt4-IM interface mutation that disrupts the Spt4-Spt5 interface
was generated as follows. First, the wild-type SPT4 open reading frame
(ORF), along with 5" and 3’ flanking regions, was amplified from genomic
DNA by PCR and cloned into the plasmid pRS416 (URA3 CEN) to create
pRS416 SPT4 using the SLIC technique (57). Next, the mutations corre-
sponding to the amino acid changes that disrupt the Spt4-Spt5 interface
were introduced by the QuikChange (Stratagene) method to create
pRS416 spt4-IM. For N-terminally tagging the spt4 alleles, the wild-type
SPT4 ORF was amplified from pRS416 SPT4 by PCR and cloned down-
stream of the 3X FLAG tag in the plasmid pFA6a-6xGLY-3xFLAG-
hphMX4 (58) with SLIC to create a 3Flag-SPT4 cassette. The 3Flag-SPT4
cassette was then transferred into pRS416 SPT4 to replace the wild-type
SPT4 ORF using SLIC, creating the plasmid pRS416 3Flag-SPT4. Finally,
the mutations corresponding to the spt4-IM allele were introduced with
QuikChange to create pRS416 3Flag-spt4-IM.

The pRS416 plasmids bearing these spt4 alleles were transformed into
the 5-FOA-selected strains from the shuffle assay, which each carried an
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spt5 allele (pRS415 3Myc-SPT5 or its mutant derivatives, as described
above). Transformants were selected on SC—Leu—Ura and analyzed by
the spot dilution assay, as described above.

Overexpression of Spt5 variants. As described in the text and consis-
tent with the previous observation (10), the protein level of Spt5 in the
spt4A strain (GHY1172) expressed from the pRS415 3Myc-SPT5 (CEN)
plasmid is significantly reduced relative to that in the SPT4 strain
(GHY1066) bearing the same CEN plasmid. Ding and coworkers overex-
pressed 3Flag-SPT5 under the control of the inducible GAL10 promoter
from a multicopy 2 plasmid to a level several times that of the chromo-
somal copy (10). The same pESC 3Flag-SPT5 plasmid (2 URA3) used by
Ding et al. was used to create positively charged patch (PCP) variants of
Q1, Q6, Q8, Q20, and Q5: the 2 plasmid was gapped by digestions with
Bsu36I and BglII and then received a Bsu36I-BglII fragment encompass-
ing a PCP mutation excised from the pRS415 3Myc-spt5 mutant plasmid
(CEN LEU2) to produce a pESC 3Flag-spt5 PCP mutant plasmid (2w
URA3). To replace a pRS415 plasmid in the spt4A strain (GHY1172) with
its pESC counterpart carrying a corresponding spt5 PCP allele, the cells
were additionally transformed with a pESC 3Flag-spt5 PCP mutant plas-
mid. Transformants were cultured in liquid SC—Ura medium with raffin-
ose (2%) plus galactose (2%) to allow loss of the pRS415 (CEN LEU2)
plasmid and induction of an Sp5 variant. An aliquot of each overnight
culture was streaked on solid SC—Ura plus galactose, followed by replica
plating onto SC—Ura— Leu plus galactose and selection of Ura™ and Leu™
colonies. The selected colonies were purified by repeating the selection
process, starting from the liquid culture. The success of the plasmid swap
was finally confirmed by verifying expression of the differently tagged
Spt5 proteins with Western blotting using an anti-Flag antibody (Pierce/
LifeTechnology) and an anti-Myc antibody (Santa Cruz Biotechnology)
(data not shown). The growth phenotype of the spt5 PCP mutants driven
by the GALIO promoter from the 2 plasmid were assessed using a spot
assay on solid SC—Ura plus raffinose (2%) and galactose (2%). The pro-
tein levels of Spt5 variants were measured using Western blotting against
Spt5, with anti-glucose-6-phosphate dehydrogenase (anti-G6PDH) (Sig-
ma-Aldrich) blotting serving as a loading control.

Immunoprecipitation. Immunoprecipitation (IP) of Spt5 and the as-
sociated Spt4 variants was carried out using magnetic resins coupled with
a specific antibody (Pierce/LifeTechnology) against the Myc tag engi-
neered to the N terminus of Spt5. Whole-cell lysate (WCL) of a yeast strain
was prepared by bead beating with glass beads (0.5-mm diameter) in a
salt-ice-cooled metal chamber. Each WCL was clarified by running high-
speed centrifugation at 40,000 rpm in a Ti-45 rotor (Beckman Coulter) for
40 min, and the total protein concentration was adjusted to 7.0 mg/ml
afterward. The binding reaction mixture included 50 .l of the antibody
resinand 1.7 ml of the WCL and was rotated for 1.0 h at 4°C. The resin was
then washed 2,000-fold with a buffer (50 mM Tris-HCI, 1 mM EDTA, 60
mM NaCl, 50 mM KCl, 5 mM MgCl,, 0.1% NP-40) and eluted with 60 pl
of the same buffer augmented with 5 mg/ml of c-Myc peptide (Genscript).
About 20 pl eluent from an IP reaction was taken for Western blot analysis
using antibodies against Spt5 and the Flag tag (N terminal to Spt4 pro-
teins).

Protein structure accession numbers. Coordinates and structure fac-
tors for the K1L1 and K2K3 structures have been deposited in the Protein
Data Bank under accession numbers 4YTK and 4YTL, respectively.

RESULTS

Folding units of the KOW-encompassing region and crystalli-
zation. The KOW domains of Spt5 are currently viewed as inde-
pendently folded Tudor domains linked by flexible regions of sim-
ilar lengths (~52 amino acids [aa]), except for the second and
third KOWs (KOW2-KOW3), which lack an obvious linker re-
gion (see Fig. S1 and S2A in the supplemental material). The cen-
tral KOW-containing region of Spt5 participates in binding to
RNAPII (15, 59). However, the functional specificities of individ-
ual KOW domains have not been defined, nor is it precisely
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known how they interact with an RNAP and other nuclear factors
to mediate cotranscriptional activities. Using photoreactive pro-
tein cross-linking, Li and coworkers have shown recently that
yeast KOW4 and the linker between KOW4 and KOWS5 interact
with the Rpb4-Rpb7 stalk module of RNAP IT and that the KOW4-
KOWS region participates in Spt5-mediated repression of tran-
scription-coupled DNA repair (11). It was also shown that the
NGN and KOW3 domains interact with the two largest subunits
of RNAP II, although the precise regions of the largest subunits
providing the contact points were not defined.

To better understand the domain organization of Spt5, we
sought to express and structurally characterize different segments
of the protein, including the presumed flexible linker regions (di-
agramed in Fig. S2A in the supplemental material). The protein
expression and purification results were consistent with the no-
tion that four soluble domains, K1L1, K2K3, L2K4, and L3K5,
behave as folding units of the Spt5 central region (see the supple-
mental material for details). We obtained crystals of the K1L1 and
K2K3 proteins but not of K1 alone or of L2K4 or L3K5. The struc-
tures were determined to 1.09 A and 1.6 A for K1L1 and K2K3,
respectively (see the supplemental material for more details).

Crystal structure of the KOW1-Linkerl domain. Consistent
with our ability to express and purify K1L1, the high-resolution
data revealed that K1 folds together with L1 to form a rigid struc-
ture with two lobes. The N-terminal lobe consists of most of the
K1 sequence, which forms a B-barrel structure resembling the
Tudor domain fold, plus a C-terminal region of the L1 sequence
that forms the final B-strand, B7 (Fig. 1A and B, green). Distinc-
tively, the K1 Tudor barrel is packed against an a-helix (a2/C-
helix) formed by residues in the very C terminus of L1. The C-ter-
minal lobe is formed by a sequence insertion in the Tudor barrel.
It begins at the end of the third strand (83), where instead of
forming a tight turn to join 37, the protein chain leads away from
the barrel (Fig. 1A and B, cyan). This main-chain topology breaks
the consensus-derived definition of the K1 C terminus: the C ter-
minus of the previously defined K1 domain (residues 418 to 430)
forms the N terminus of the C-terminal lobe, and the remainder is
completed by the residues of L1. Thus, L1 is in fact a well-folded
domain inserted between the last two B-strands (B3 and B7) of K1
(Fig. 1B), and the K1 Tudor domain is formed by sequences flank-
ing this insertion. An updated consensus for K1 Tudor is pre-
sented in Fig. 1C, and the revised domain organization of Spt5 is
shown in Fig. 1D. Structural database searches with the isolated L1
structure did not find any structural homolog, indicating that L1
assumes a novel protein fold.

Additional analysis (see the supplemental material) indicated a
highly conserved interface formed between K1 and L1. The inter-
face is stabilized by a minimum of five hydrogen bonds and one
cation-r electron interaction, in addition to van der Waals inter-
actions (Fig. 2A), and these atomic interactions are formed be-
tween residues that are strongly conserved across eukaryotes (Fig.
2B). Therefore, the yeast structure determined here provides a
universal model for all K1L1 domains in eukaryotic Spt5. There is
a disordered region (1428 to R438) in the K1L1 structure that
appears to be an inherent feature of all eukaryotic K1L1 domains
(Fig. 2B). The high quality of the K1L1 electron density (Fig. 2C)
indicates that the disorder is not due to crystallographic errors but
rather is due to intrinsic flexibility of the region. This region is
longer in S. cerevisiae and Drosophila than in other eukaryotes,
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FIG 1 Structure of K1L1 and domain organization of Spt5. (A) The crystal structure of K1L1 comprises a Tudor domain barrel encompassing most of the KOW
region and an insertion domain with a novel fold formed mainly from the Linkerl region. The N and C termini of K1L1 correspond to L382 and F508,
respectively. A disordered region (1428 to R438) is found between the indicated residues E427 and R439. (B) Secondary-structure diagram drawn from the K1L1
structure and colored similarly to panel A. a-Helices are shown as cylinders, B-strands as block arrows, and loops as solid lines. (C) Updated KOW1 consensus
sequence modified from the previous KOW1 consensus shown in Fig. S2B in the supplemental material. L1 is marked at its inserted position within K1. (D)
Updated Spt5 domain organization with the K1L1 region delineated according to the crystal structure, modified from Fig. S2A in the supplemental material.

suggesting possible organism-specific functions. We discuss its
participation in NA interactions below.

The crystal structure of the KOW2-KOW3 tandem domains
reveals a marked evolutionary conservation between yeast and
human. K2K3 consists of two Tudor domain (3-barrel structures
(49 residues each) separated by a single residue (I1583) (Fig. 3A).
The two domains share a significant contact area (541 A?) that
involves many side chain and main-chain groups and at least three
hydrogen bonds (not shown). The result is a rigid tandem-do-
main structure in the middle region of Spt5 (Fig. 3B). This model
is supported by its high-quality density map (Fig. 3C). The NMR
structures of isolated human K2 (PDB ID 2e6z) and K3 (2do3)
domains could be superimposed onto the crystal structure of the
K2K3 tandem yeast domains with negligible deviations (main-
chain root mean square deviations [RMSD], 0.99 A for K2 and
0.66 A for K3), and the ends from human K2 and K3 are poised to
join in the same manner as is observed in the structure of yeast
K2K3 (Fig. 4A). We conclude that the K2K3 tandem organization
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is conserved among eukaryotes, and this conclusion is corrobo-
rated by strong sequence conservation of residues at the K2K3
interface (Fig. 4B). The K2K3 structure is dramatically different
from that of K1L1, since it lacks an L1 domain and a C helix.
Rather, K2K3 bears a general similarity to the tandem Tudor
structure of human KIN17 (main-chain RMSD, 3.09 A) (see the
supplemental material for additional descriptions).

A positively charged patch on the K1L1 surface interacts with
nucleic acids in vitro. K1L1 and K2K3 present very different
chemical properties on the surfaces of their structures. K1L1 has a
dramatically segregated electrostatic surface with a highly posi-
tively charged patch (PCP), whereas K2K3 shows no significant
bias in the distribution of charges on its surface. Interestingly,
among Tudor domain proteins implicated in NA interactions,
DNA repair factors 53BP1 and KIN17 (60—62) each possess a PCP
that resembles that of K1L1 in terms of orientation and shape (see
Fig. S3 and Table S2 in the supplemental material). To test the
possibility that KOWs of Spt5 binds NA, we analyzed interactions
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FIG 2 K1LI1 forms a rigid-body structure with a flexible segment. (A) An extensive interface between the KOW1-Tudor and Linker1 lobes. Hydrogen bonds
between K1 and L1 residues are shown with yellow dashed lines, a cation- electron interaction is shown with white dashes, and van der Waals interactions are
not shown. The interface buries a total of 1,145 A? of solvent-accessible surface. (B) Conservation of hydrogen bond-forming residues (boxed) in the interface.
Secondary-structural elements are shown above the multiple aligned eukaryotic sequences, and the interdomain hydrogen bonds are indicated with gray lines.
Basic, blue; acidic, red; polar, pink; hydrophobic, gray and black. (C) The K1L1 electron density at 1.09 A (2Fo-Fc omit map contoured at 1.0 o [green mesh; Fo,
observed structure factor amplitudes; Fc, calculated structure factor amplitudes; omit map, model-omitted electron density map; o, standard deviation of
electron density]) is of high quality. Shown is a stereo plot of a slab through the middle of the structure. The K1L1 model is colored by atom type, and neighboring
molecules in the crystal lattice are colored gray. Atomic features, such as phenol rings and carbonyl groups (red), are resolved.

of purified KOW domains with DNA fragments of a randomly
chosen sequence using gel mobility shift assays (Fig. 5A and B)
(see Materials and Methods). We observed binding of both single-
stranded and double-stranded 38-mer DNAs by K1L1 but not by
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K1 alone, K2K3, L2K4, or K5 (Fig. 5C and D). Given the small
dimensions of the K1L1 structure, gel shift experiments were re-
peated with defined fragments of 20 nucleotides (nt) (Fig. 6A).
The results show that K1L1 is capable of binding with ssDNA,
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FIG 3 The KOW2 and KOW3 domains form a rigid-body structure of tandem Tudor barrels. (A) Ribbon models of K2 and K3, with the secondary-structural
elements labeled in white. A single residue (1583) links the two domains. (B) Surface representation showing that K2 and K3 interact intimately to bury 541 A*
of solvent-accessible surface. (C) Stereo plot of a central slab of the K2K3 electron density at 1.6 A (2Fo-Fc omit map at 1.0 o [green mesh]). The model is colored
by atom type, and lattice-packing neighbors are shown in gray.

double-stranded DNA (dsDNA), ssRNA, and an RNA-DNA hy- of NA interactions, which appeared to have a preference for
brid (Fig. 6B). While a discrete shifted band was not observed in ~ ssSRNA (Fig. 6B). The failure of L3K5 to produce an observable
the gels where L3K5 was analyzed (Fig. 5C and D and 6B), the band of protein-NA complex may be attributable to oligomeriza-
disappearance of free probes suggests that L3K5 might be capable  tion that precluded the bound species from entering the gel and

B . KOW motif ,
540 550 560 570
S_cerevisiae FIQPGD[R|I EVLNGEQRGSKGIVTRTTKDIATIKLNG. .FTTPLEFPIS
_pombe FIQPGDHIVEVYVGEQTGVSGVVENVRGSVITMVSS...DGLRLDVPSR
C_ele(llans FI[VPGD|IIVEVKAGELVNLRGKVMTVDGTKVVMMPDQEDLKEAITLNAH
D_melanogaster |[F|[SMGDIN[VEVCVGDLENLQAKIVAIDGTMITVMPKHQDLKDPLIFKAS
H_sapiens FIQPGD|N'VEVCEGEL INLQGKILSVDGNKITIMPKHEDLKDMLEFPAQ
D_rerio LIQAGD|IN'VEVCEGEL INLQGKILSVDGNKITIMPKHEDLKDPLEFPAH
M_musculus FIJQPGD|INVEVCEGEL INLQGKVLSVDGNKITIMPKHEDLKDMLEFPAQ
I KOW motif | inter-domain
) EEeeea——) ) ) H-bonds
600 620 630
S_cerevisiae GDAGL TSREVTI[TANN[LISK 632
_pombe DDTGM LMTELTVIFSRIDILIGE 569
C_elegans GHTGL GMEELKV[RVR[D[L[QL 521
D_melanogaster GETGL TNHELEV|LPR|D[LlQL 561
H_sapiens GDTGL TMHELKVI|LPR[D[L[QL 520
D_rerio GDTGL TMHELKVILPR[D|LIQL 519
human K3 M_musculus GDTGL TMHELKV|LPR[D|LJQL 518

KOW2/Tudor: magenta boxed: interface residues
KOWa3/Tudor: blue

FIG 4 The tandem organization of K2K3 structure is conserved in eukaryotic Spt5. (A) Superposition of human K2 (PDB ID 2e6z) and K3 (2do3) with the yeast
K2K3 model. (B) Sequence conservation of the hydrogen-bonded residues (boxed) between K2 and K3. The interdomain hydrogen bonds are indicated, and
secondary elements are marked above the aligned sequences.
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FIG 5 Differential DNA binding by the different KOW domains of Spt5. (A)
SDS-PAGE analysis of purified recombinant KOW proteins (labeled above the
lanes) with Coomassie blue staining. (B) ssDNA and dsDNA of a randomly
chosen sequence used as a binding substrate for the Spt5 proteins. The DNAs
were 5 labeled with TAMRA (IDT). (C and D) Gel mobility shift assays to test
the different Spt5 domains in binding ssDNA and dsDNA, respectively. Each
binding reaction mixture contained 5 wM DNA probe, 50 M the indicated
Spt5 domain, and the buffer. The gels were stained with ethidium bromide and
imaged with UV light. The positions of the free probe and bound complex are
indicated on the left of the gels. In addition to binding by K1L1, note the
disappearance of free probes due to L3K5 and the slower-migrating smear
above the ssDNA and dsDNA bands in the L3K5 lanes, which may suggest
low-affinity binding to ssDNA and dsDNA. Bands of the binding complex
appeared persistently smeared, indicating heterogeneity in the binding stoi-
chiometry due to the length of DNAs and/or partial dissociation of complexes
during gel migration, and were also nonuniform due to adherence to the gel
matrix (8% polyacrylamide with 0.2% agarose [see Materials and Methods]) of
the loading wells.

loss of solution-bound materials from the gel wells, or to a very
dynamic complex that dissociated during electrophoretic migra-
tion. However, we could not exclude the possibility that the L3K5
sample was contaminated with an RNase not present in the other
proteins. Due to the scope, we focused on the K1L1 structure for
functional analysis.

The observation that K1L1, but not K1, binds DNA is consis-
tent with the fact that the PCP is composed of basic residues from
both the K1 and L1 lobes; K1L1 functions as one structural unit in
this regard. In titration experiments (see Fig. S4 in the supplemen-
tal material), we estimated the NA-binding affinity of K1L1 to be
~25 uM for ssDNA and RNA-DNA, ~15 uM for dsDNA, and
~12 puM for ssRNA. Consistent with the measured dissociation
constants, K1L1 showed a preference for dsDNA over ssDNA in a
direct-competition assay, while dsSDNA was slightly outcompeted
by ssRNA (Fig. 6C). An unlabeled dsDNA of the same length but
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with a sequence different than that of the fluorescently labeled
probe was able to compete for binding (Fig. 6D), indicating se-
quence-independent interactions. The calculated dissociation
constants resemble those previously observed for NA-interacting
Tudor domains (see Table S2 in the supplemental material),
whose weak affinities for NAs have been thought of as a fitting
feature for their functions. Like Spt4-Spt5, these proteins nor-
mally are confined within larger molecular assemblies (63), such
as the RNAP elongation complex, in which a binding substrate is
often presented with spatial confinement to make the interaction
tunable. High-strength NA affinities (e.g., in nanomolar ranges)
are not compatible with dynamic on-and-off binding events that
occur during the rapid process of translocation and polymeriza-
tion by RNAP.

To identify residues responsible for the in vitro NA-binding
activity of K1L1, we mutated the basic residues that line the PCP
(Fig. 7A and B, blue) and found that single or double amino acid
mutations resulted in aloss of dSDNA binding in vitro (Fig. 7C). In
contrast, mutations of residues near the border of the PCP or a
nonbasic residue did not significantly affect the binding (Fig. 7A to
C, orange). This experiment also confirms that the PCP involves
both the K1 and L1 moieties, including three basic residues (R435,
K436, and R438) from the flexible loop 1428 to R438 (Fig. 7A). As
expected from this result, cassette mutations (Q21 to Q25) made
from pairwise combination of the loss-of-binding PCP mutations
caused complete loss of binding (Fig. 7B and D). The fact that all
mutant K1L1 proteins could be expressed and purified at levels
equivalent to those of the wild type indicated that these mutations
did not induce adverse conformational alterations. Hence, the ba-
sic residues of the K1L1 PCP are required for the in vitro NA-
binding activities.

The PCP of K1L1 is important for Spt5 function in vivo. We
next asked if the PCP is important for in vivo functions of Spt4-
Spt5. A LEU2-marked CEN plasmid (pRS415) was used to express
WT or mutant alleles of N-terminally 3Myc-tagged Spt5 as the
sole source of Spt5 in yeast via plasmid shuffling (see Materials
and Methods); each spt5 allele corresponded to a mutation from
the in vitro NA-binding experiment (spt5-PCP and cassette
mutants). When shuffled into an spt5A SPT4 strain (GHY1066),
all the spt5-PCP alleles produced viable and robust colonies (Fig.
8A). This result and the fact that SPT5 is essential for yeast indi-
cated that the mutations did not induce adverse misfolding of Spt5
in vivo. However, when introduced into an spt5A spr4A back-
ground (GHY1172), the plasmid-borne cassette mutations did
not complement the spt5A mutation (Fig. 8B). As reasoned above,
the lethality associated with Q21 to Q25 was not due to possible
Spt5 protein misfolding in the cells, which was supported by cir-
cular dichroism (CD) spectra of purified cassette mutant proteins,
which showed no significant conformational changes (Fig. 8C).
These results indicate that the PCP of K1L1 mediates important
physiological functions in the cell.

The K1L1 PCP has a function that overlaps that of Spt4. The
spt5-PCP mutants that appeared nonlethal in the shuffle experi-
ment (5-FOA-resistant colonies) were isolated for further analysis
using a spot assay. The spt4A spt5-PCP mutant strains harboring
mutations that maintained NA binding—Q14, Q18, Q19, and
Q13—supported WT-like growth (Fig. 9A, spt4A, left). The spt5-
PCP mutations that abolished NA binding—Q1, Q6, Q8, Q20,
and Q5— conferred a slow-growth phenotype (at 30°C) (data not
shown), which was exacerbated at the elevated temperature
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FIG 6 Interactions of recombinant Spt5 domains with various forms of NA. (A) Sequences of the single-stranded and double-stranded NAs. The 5" end of a
single strand and the top strand of a double strand were synthesized (IDT) with a TAMRA fluorescent group for detection. (B) Gel shift images from the binding
assays. The reaction mixtures each contained 5 wuM NA probe, 80 WM protein domain, and the buffer. A name of an NA form (bottom left side) indicates a free
probe, while the label “bound” indicates a species of protein-NA complex. The protein domain used in a binding reaction is identified above the gels. (C) Direct
comparison between two forms of NA for KILI binding in the same binding mixture. NA forms (5 wM) are indicated (bottom left side), and protein
concentrations varied from 0 to 80 wM, as indicated. Binding curves for the NA forms are shown below the gels, with each data point averaged from multiple
experiments (see Materials and Methods). The error bars indicate mean errors. (D) Binding competition of unlabeled dsDNAs of the same length but different
sequences. Gel bands of the unbound 20-mer probe and bound species are indicated, and the probe and protein concentrations are given at the top.
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FIG 7 The in vitro NA-binding activity of K1L1 is mediated by its PCP. (A) (Left) The solvent-accessible surface of K1L1 is colored blue (+6 kT) to red (—6 kT)
to show the electrostatic potential. (Right) The basic residues forming the PCP in K1L1 are shown in blue, and residues that are not in the center of the PCP (T441,
F442,and R458) or are neutral (H492) are shown in orange. The disordered region is represented by dashes, with its sequence shown on the left. (B) Identification
of the PCP and cassette mutations. (C and D) Gel shift assay showing losses of NA binding due to mutations of basic residues in the PCP. Each binding reaction
mixture consisted of 5 WM probe, 22 uM a K1L1 protein variant, and the buffer. Free and bound NA species are indicated on the left, and K1L1 proteins are
identified at the top with their mutation identifiers given at the bottom. The smeared appearance of bound complex bands is explained in the legend to Fig. 5.

(37°C) (temperature sensitive [Ts]) and also displayed hyperos-
motic-sensitive (1.0 M KCI) (Osm) growth defects (Fig. 9A, top
left). However, in the SPT4 background, the spt5-PCP mutations,
including the cassette mutations (Q21 to Q25) that were lethal in
spt4A\, showed no observable defects at 37°C or at high salt levels
(Fig. 9A, right). Therefore, all the observed phenotypes—Ilethal,
Ts, and Osm—associated with the sp#5-PCP mutants are depen-
dent on spt4A. We also assayed the SPT4 spt5-PCP and spt4A
spt5-PCP strains for the Spt™ phenotype (SC—Lys) and in the
presence of mycophenolic acid (10 to 70 pg/ml), a condition com-
monly used for revealing defects associated with mutations in
transcription elongation factors, but observed no additional de-
fects (data not shown). Consistent with this absence of a pheno-
type, we did not observe any new growth defects when the spt5-
PCP mutants were expressed in cells lacked the transcription
elongation factor TFIIS (see Fig. S5 in the supplemental material).
We observed the same phenotypes in growth assays using a differ-
ent shuffling plasmid (pGH233) carrying untagged spt5 alleles
(data not shown).

The fact that the spt5-PCP mutations cause growth defects only
when Spt4 is absent suggests that the PCP of K1L1 mediates im-
portant functions that overlap those of Spt4. To assess the possi-
bility that the growth defects of spr4A spt5-PCP strains are due to
reduction of the Spt5 protein level associated with SPT4 deletion
(10), we overexpressed the Spt5 variants by swapping the pRS415
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CEN plasmid with a multicopy (2u) plasmid carrying the spt5
alleles under the control of the strong GAL10 promoter (see Ma-
terials and Methods). Consistent with the results of Ding et al.
(10), the level of WT Spt5 was reduced in spt4A cells compared
with thatin SPT4 cells (Fig. 9B, cf. lanes 1 and 2), and so were levels
of the PCP mutants (data not shown). The spt5 level dramatically
increased in spt4A SPT5 (2) cells (Fig. 9B, lane 3) to several times
that in the SPT4 cells. Although the levels of mutant Spt5 were
comparable to that of WT Spt5 in the spt4A spt5 (2) strains (Fig.
9B, lanes 4 to 9), the PCP mutant alleles displayed Ts growth
defects (Fig. 9C) similar to those observed in the spt4A spt5-PCP
(CEN) strains. Therefore, the defects associated with spt5-PCP
mutations are not due to alterations in the Spt5 protein level.
Consistent with this conclusion, no growth defects were seen in
the SPT4 spt5-PCP strains cultured on plates containing sublethal
concentrations of cycloheximide (CHX) (0.1 to 1.0 pg/ml), which
inhibits global protein synthesis (data not shown).

Based on the altered NA-binding activities we observed (see
above) for the Spt5-PCP proteins, we suggest that the function(s)
shared between Spt4 and the Spt5 PCP includes an activity that is
directed toward NA moieties in the elongation complex. A direct
NA-binding assay for Spt4 was precluded by the insolubility of the
Spt4 protein when expressed alone. Nonetheless, this NA interac-
tion model is consistent with an extensive positively charged area
on the Spt4-NGN surface (Fig. 10C) and the recently observed
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FIG 8 The PCP of Spt5 is important for in vivo function. (A) Growth of yeast
strains following plasmid shuffle in the SPT4 background. (B) Growth in the
spt4A background. Note that Q25 promoted the emergence of rare suppressor-
like colonies. (C) Far-UV CD spectra taken from purified mutant K1L1 pro-
teins of the WT and Q20 through Q25 (with the color code indicated).
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FIG 9 Functional overlap between Spt4 and the K1L1 domain of Spt5. (A)
PCP mutations that cause losses of NA binding in vitro display Ts and Osm
growth defects in the spt4A strain (left) but no defects in the SPT4 strain
(right). Tenfold serial dilutions were spotted on SC—Leu plates and SC plates
with 1.0 M KCl and incubated at the indicated temperatures. (B) Western blot
showing cellular levels of Spt5 variants, with the anti-G6PDH blot serving as
the loading control. Cell strains, the type of spt5-carrying plasmid (CEN or
2), and spt5 alleles are indicated at the top. (C) Overexpression of Spt5 does
not affect the Ts defects associated with the PCP mutants. Growth of spt4A
spt5-PCP (2).) strains at 30° and 37°C on a solid medium (SC— Ura plus raffin-
ose plus galactose) that is inductive for the spt5 alleles driven by the GALI0O
promoter (see Materials and Methods).

NA-binding activity in an Spt4-NGN complex (A. Vrielink, per-
sonal communication).

We next asked if the overlapping functions between Spt4 and
the Spt5 PCP occur in the context of the Spt4-Spt5 complex. To
test this, we constructed pRS416 (URA3 CEN)-derivative plas-
mids carrying Flag-SPT4 and a Flag-spt4 mutant (S58D_V60E;
spt4-IM) predicted to disrupt the Spt4-Spt5 interface in the struc-
ture (64), and transformed spt4A spt5-PCP mutant strains with
these plasmids. The level of WT Spt5 in the spr4-IM strain was
reduced to a level similar to that observed in the spt4A strain, and
the level of Spt4-IM was similar to that of WT Spt4 (Fig. 10A,
Input). Immunoprecipitation, which captured similar amounts of
Spt5 from whole-cell lysates of both strains, showed a dramatic
loss of Spt4 binding to Spt5 in spt4-IM (Fig. 10A, IP). Growth
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FIG 10 Functional overlap between Spt4 and the K1L1 domain of Spt5 suggests iterated NA interactions located upstream of the transcription bubble. (A) The
spt4-IM mutation (S58D_V60E) disrupts the recruitment of Spt4 to Spt5 in the cell. WCLs were made from the spt4A SPT5 strain transformed with pRS416-
Flag-SPT4 or pRS416-Flag-spt4-IM. Protein levels (Input) were detected using Western blotting against the Myc tag on Spt5 and the Flag tag on Spt4, and
anti-G6PDH served as a loading control. Spt5 was immunoprecipitated (IP) via the Myc tag borne by the pRS415 3Myc-SPT5 plasmid. (B) Masking of the
spt5-PCP Ts phenotype by SPT4 requires an intact interface between Spt4 and the NGN domain of Spt5. The spt4A spt5-PCP mutant strains were transformed
with pRS416 (URA3) alone (left), pRS416-Flag-SPT4 (middle), or pRS416-Flag-spt4-IM (right) and assayed for growth at 37°C on SC—Leu—Ura plates. (C)
Mechanistic model showing interactions with the NAs (including DNA) upstream of the transcription bubble that are proposed to be shared between Spt4 and
the K1L1 domain of Spt5. Electrostatic surfaces of the yeast K1L1 domain and the Spt4-NGN complex are shown relative to the NAs engaged in RNAP II. Blue,
positively charged; red, negatively charged; black line, template DNA strand; thin gray line, nontemplate strand; thick gray line, RNA transcript. The arrows
indicate the approximate locations of the proposed protein-DNA interactions. (D) Hypothetical three-dimensional model for the yeast holo-elongation
complex, viewed from the back of panel C. The model highlights a potential location of the KIL1 domain relative to the RNAP (silver), the NGN domain, Spt4,
and the upstream DNA (blue and red). A connector of 6 amino acids between NGN and K1L1 is indicated by the white dashes. The model was built on the basis
of the semicrystallographic model of archaeal RNAP (26) and also incorporated the K1L1 placement suggested from the EM structure (34). Note that the location
of NGN is the same as in the schematic model of Li et al. (11), and the K1L1 location is in a general agreement with that proposed in Li’s model. CC, coiled-coil
structural element of the Clamp module.

Spt5-PCP and Spt4 are unlikely to make distinct and sequential
contributions to a common function. Rather, Spt4 may likely play
a major role, with Spt5-PCP playing a minor role in a shared
function (66). Altogether, our results indicate that Spt5 PCP has a
function that partially overlaps that of Spt4, and this function

assays showed that the plasmid-borne SPT4 complemented the T's
phenotype of spt4A spt5-PCP mutants, whereas neither the empty
plasmid nor the spt4-IM mutant was able to overcome the defects
(Fig. 10B). Therefore, the functional redundancy between Spt4
and the Spt5 PCP depends on Spt4 binding to Spt5.

In comparing the phenotypes of the related alleles, we noted
that the spr4A spt5-PCP mutants and spt4A SPT5 (65) are both Ts,
with the double mutants displaying enhanced growth defects. In
contrast, the SPT4 spt5-PCP single mutants are WT-like. Thus,

October 2015 Volume 35 Number 19

Molecular and Cellular Biology

shared with Spt4 likely involves interactions with NAs in the
RNAP elongation complex.

Spt4 and the K1L1 of Spt5 are positioned to interact with NA
upstream of the transcription bubble. Is this shared NA interac-
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tion directed at the downstream DNA, transcription bubble, up-
stream NAs, or separated transcript emerging from the RNA pore
(67)? Using UV cross-linking, Missra and Gilmour detected inter-
action of Drosophila Spt5 with RNA transcripts as short as 22 ntin
an RNAP ternary complex (68), although they did not resolve the
binding among specific Spt5 domains. Similarly, without resolv-
ing specific roles for the domains, Cheng and Price showed that
human Spt4-Spt5 (also known as DSIF) interacted with the ter-
nary complex and that longer transcripts facilitated the binding
(69), while Viktorovskaya and coworkers observed direct RNA
binding by the yeast heterodimer (17). It remains to be deter-
mined if RNA binding by Spt4-Spt5 is relevant to its in vivo func-
tions and, if so, if RNA binding facilitates recruitment of Spt4-
Spt5 or other functions. Structural and mutagenesis studies
suggest, however, that in addition to RNA, Spt4-Spt5 may also
interact with other NA moieties in the elongation complex. The
electron microscopy (EM) structure of the archaeal Spt4-Spt5-
RNAP complex (34) and modeling based on the crystal structure
of an archaeal Spt4-NGN-Clamp module (26) showed that the
Spt4-NGN subcomplex is located at the Clamp module, far away
from the downstream DNA binding cleft, with the NGN poised
near the transcription bubble (Fig. 10C). As such, it is unlikely that
the in vitro RNA binding activity of Spt4-Spt5 can be explained
solely by binding to the exiting transcript as it emerges from the
RNA pore on RNAP (67).

Consistent with a model for their interactions with the tran-
scription bubble, the NGN domains of bacterial NusG and its
paralog RfaH contact the nontemplate DNA strand within the
bubble (70-73). Moreover, it is obvious from the EM structure
that both Spt4 and the archaeal KOW (organizationally equivalent
to Spt5 K1) are distal to the downstream DNA or the bubble.
Therefore, it can be suggested that the NA interaction that we have
characterized as being shared by K1L1 and Spt4 reflects interac-
tions with NAs upstream of the bubble. Consistent with this no-
tion, K1L1 is expected to take up a flanking position near Spt4 in
the elongation complex, since it is tethered to NGN by a 6-amino-
acid linker (34) (see Fig. S1 in the supplemental material), seem-
ingly allowing it to interact with NAs in the same region. A model
synthesizing the results from the present and prior studies is pre-
sented (Fig. 10C and D), in which we hypothesize that Spt4 is
recruited to the RNAP elongation complex via its binding to the
NGN domain of Spt5 and thus is positioned to interact with the
NAs immediately upstream of the transcription bubble, while
the nearby K1L1 domain of Spt5 supplies a similar and compen-
satory NA interaction.

DISCUSSION

Despite well-supported genetic and functional studies that impli-
cate Spt4-Spt5 in transcription-coupled processes ranging from
chromatin modification and RNA processing (5) to 3'-end forma-
tion (74-76), not much is known about how Spt4-Spt5 interacts
with the RNAP ternary complex to function in these nuclear pro-
cesses. Mechanistic understanding is limited to an NA encircle-
ment model based on the binding of the Spt5 NGN domain to the
RNAP Clamp module (26, 27, 34) and a general understanding of
the Spt5 KOW domains’ involvement in binding RNAP (11, 17,
59). How biochemical and structural properties may differ across
the individual KOW domains is not known, nor is it known how
the domains constitute different facets of Spt4-Spt5 function. The
present study addresses some of these questions at levels of high-
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resolution structure, biochemical assays for NA binding, and in
vivo function.

First, the results of the protein expression experiment indicate
that the central region of Spt5 is composed of four independent
folding units, K1L1, K2K3, L2K4, and L3K5. The delineation of
these domains, together with the dimeric Spt4-NGN domain and
unfolded acidic and CTR domains, completes a framework for
assigning specific functions of Spt5 in future analyses. The high-
resolution structures demonstrate that the first two folding units,
K1L1 and K2K3, assume very different tertiary structures. Based
on this result and different consensus sequences of the individual
KOW domains (see Fig. S2B in the supplemental material), we
propose that L2K4 and L3KS5 also assume unique structures and
likely mediate distinct activities in the elongation complex. Our
results redefine subdomain structures within K1L1, showing that
the L1 region folds into a novel structure inserted N-terminally to
the last B-strand of the K1 Tudor barrel. Moreover, the results
demonstrate that the K2K3 domains adopt a twined Tudor fold
that likely acts as a rigid structure. As such, a picture of the holo-
elongation complex (RNAP II-Spt4/5) begins to emerge in which
structurally distinct Spt5 domains distribute to different sites on
the RNAP ternary complex. We hypothesize that these binding
sites may directly or indirectly link RNA synthesis with cotrans-
criptional processes. Such a mechanism may be at work in the
binding of the Spt4-NGN structure to the RNAP Clamp module,
an event that could transmit a conformational effect to the RNAP
catalytic center near the base of the Clamp. Consistent with this
idea, RNAP II mutations in and near the catalytic center that sup-
press certain spr5 mutations have been isolated (G. Hartzog, un-
published results).

The newly discovered NA-binding surface on the K1L1 struc-
ture suggests an attractive role for the domain in interacting with
upstream NAs. The NA-binding surface was identified from (i)
the ultra-high-resolution structure of K1L1, where residues from
both the K1 and L1 subdomains form a highly positively charged
surface patch; (i) an in vitro gel shift assay combined with site-
directed mutagenesis targeting the PCP residues, which demon-
strated non-sequence-specific NA binding with a weak preference
for dsDNA and ssRNA; and (iii) growth defects of yeast strains
carrying spt5-PCP mutations, which demonstrated that the PCP is
important for in vivo functions even though it may not impact
elongation per se. Interestingly, the phenotypes associated with
PCP mutations are observed only in strains devoid of Spt4. These
data suggest a functional redundancy between Spt4 and the K1L1
domain of Spt5 and the possibility that both are capable of inter-
acting with NAs in the RNAP ternary complex. Interpretation of
the phenotypes of spt4A SPT5, spt4A spt5-PCP, and SPT4 spt5-
PCP strains further suggests that Spt4 and Spt5 KI1L1 play non-
equivalent roles, possibly with Spt4 as the main factor in this
shared function and K1L1 providing a compensatory interaction.

The relatively weak affinities of K1L1 for various forms of NA
(12 to 15 wM) seem comparable to those of other NA-interacting
Tudor domains and fit with its roles within the context of the
remaining Spt5 domains and the RNAP elongation complex. A
precedent for the hypothesis that Spt4-Spt5 interacts with NAs in
elongation complexes is found in the NusG paralog RfaH, whose
NGN domain is recruited to elongation complexes via its recog-
nition of the ops sequence element (72). For rapid translocation
during RNA chain synthesis, the RNAP of an elongation complex
must make and break numerous contacts with the encompassed
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NA strands at very high frequencies, and similarly, the NGN and
K1L1 domains may undergo dynamic interactions with the tran-
scription bubble and NAs upstream of the bubble, respectively.
Moreover, interactions of K1L1 and Spt4-NGN with upstream
NAs could in themselves be an important component of the
mechanism that facilitates reannealing of the DNA strands and
limits the upstream edge of the bubble; overextension of tran-
scriptional RNA-DNA hybrids is a known defect that impairs
elongation- and transcription-associated processes (77, 78). We
have not ruled out the possibility that the PCP has a non-NA
interaction partner that participates in upstream DNA-dependent
processes. It should be noted that TFIIS is not a candidate partner,
since it binds the polymerase distal to the upstream DNA site and
shows no functional interaction with the PCP mutations in the
growth assay.

Taken together, our results suggest mechanistic aspects of the
holo-elongation complex: (i) Spt4 is recruited to the RNAP elon-
gation complex via its binding to the NGN domain of Spt5 and
possibly contacts the upstream NAs; (ii) the K1L1 domain of Spt5
is capable of dynamic NA interactions in the same or a nearby
region; and (iii) Spt4 performs an essential function in the cell
possibly mediated by its interaction with the upstream NAs, and
in spt4A cells, this function is rescued by Spt5. The last property
possibly reflects the existence in the holo-elongation complex of a
buffering mechanism against internal and/or external alterations,
e.g., a loss of SPT4. We present the main features of this mecha-
nism in a speculative model of the holo-elongation complex (Fig.
10C and D). A premise of this model is that interactions with the
upstream NAs within the RNAP ternary complex is an essential
function in vivo and that the loss-of-binding spt5-PCP mutations
in spt4A cells would produce ill-formed upstream DNAs—most
likely during the DNA-reannealing process—that are improperly
constrained and/or topologically defective. It is conceivable that
defects like these may result in transcriptional failures due to ac-
cumulation of topological DNA entanglement, misalignment of
upstream DNA in the ternary complex, or failed upstream DNA-
dependent recruitment of factors that are necessary for the com-
pletion of elongation and termination in vivo. It appears to us
that the RNAP holo-elongation complex is endowed with re-
dundant or compensatory functions distributed among its sub-
structures, e.g., between Spt4 and the K1L1 domain of Spt5,
which may be important to the events that occur in the wake of
RNAP elongation.
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