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of the Paf1 complex to chromatin

Adam D. Wier®, Manasi K. Mayekar®, Annie Héroux®, Karen M. Arndt®, and Andrew P. VanDemark®"

2Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260; and PDepartment of Biology, Brookhaven National Laboratory,

Upton, NY 11973

Edited by Robert G. Roeder, The Rockefeller University, New York, NY, and approved September 13, 2013 (received for review August 5, 2013)

Polymerase associated factor 1 complex (Paf1C) broadly influences
gene expression by regulating chromatin structure and the re-
cruitment of RNA-processing factors during transcription elongation.
The Plus3 domain of the Rtf1 subunit mediates Paf1C recruitment to
genes by binding a repeating domain within the elongation factor
Spt5 (suppressor of Ty). Here we provide a molecular description of
this interaction by reporting the structure of human Rtf1 Plus3 in
complex with a phosphorylated Spt5 repeat. We find that Spt5
binding is mediated by an extended surface containing phospho-
threonine recognition and hydrophobic interfaces that interact with
residues outside the Spt5 motif. Changes within these interfaces
diminish binding of Spt5 in vitro and chromatin localization of Rtf1
in vivo. The structure reveals the basis for recognition of the repeat
motif of Spt5, a key player in the recruitment of gene regulatory
factors to RNA polymerase Il
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G ene expression in eukaryotes uses numerous accessory fac-
tors to aid progression of RNA polymerase (pol) II through
the transcription cycle and regulate transcript levels. Addition-
ally, some of these factors, including the polymerase associated
factor 1 complex (PaflC), influence gene expression through
their ability to modify chromatin structure or regulate RNA
processing (1). Originally identified in yeast during a search for
RNA pol II-associated factors (2), Paf1C is conserved through-
out eukaryotes and is minimally composed of the subunits Pafl,
Ctr9, Cdc73, Rtfl, and Leol (3-5). Human Pafl1C contains an
additional subunit, Ski8 (6), which also has an independent role
in regulating exosome-mediated mRNA degradation (7). Paf1C
colocalizes with RNA pol II from the promoter to the 3’ end of
genes (8, 9) and mediates a diverse set of events, including
transcription-coupled histone modifications (10-13), phosphor-
ylation of the RNA pol II C-terminal domain (CTD) (14, 15),
recruitment of termination and RNA 3’-end—processing factors
(15-17), and maintenance of chromatin during transcription (18).
Proper transcription-coupled ubiquitylation of histone H2B at ly-
sine 123 in yeast is dependent on Paf1C recruitment to chromatin
(19). Phenotypes caused by mutations that dissociate Paf1C from
active genes argue that the ability of Paf1C to carry out its diverse
set of activities in a controlled manner requires proper recruit-
ment of Paf1C to actively transcribing RNA pol II (19-22).
Several PaflC-interacting factors have been shown to play a
role in the recruitment of Paf1C to transcribed genes. In humans,
Paf1C promotes transcription elongation through direct inter-
actions with RNA pol II as well as the elongation factor SII/TFIIS
(23). PaflC also copurifies with the elongation factor complex
Spt4-Spt5 and the histone chaperone Spt16-Pob3/facilitates chro-
matin transcription (FACT) (3-5, 24), all of which travel with
the elongating polymerase and could thus be mediating Paf1C
recruitment. Spt5 is of particular note because it is the only RNA
pol II-associated factor known to be conserved in all three king-
doms of life (NusG in bacteria, RpoE in archaea) (25). Outside of
bacteria, Spt5 is found in complex with the small zinc-binding
protein Spt4 (26), which stabilizes Spt5 and improves Pol II proc-
essivity (27). Recruitment of Spt4-Spt5 to polymerase is mediated
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by a direct interaction between the Pol II clamp domain and the
Spt5 NGN domain (25). Similar to the RNA pol II CTD, Spt5
contains a series of short repeating sequence motifs at or near its
C terminus, known as C-terminal repeats (CTR). Also similar to
the RNA pol II CTD, the Spt5 CTR has been proposed to serve
as a scaffold for the recruitment of elongation factors, such as
TFIIF, FACT, Paf1C (5, 28-30), RNA 3’-end-processing factors
(31), and mRNA-capping enzymes (32). Phosphorylation of the
Spt5 CTR by the kinase Burl/Cdk9 (29, 33-35) regulates its
interactions with these factors.

The subunits Rtfl, Cdc73, and Leol have all been shown to
play a role in recruitment of Paf1C to chromatin at active genes
(14, 15, 22, 36). In Cdc73, a highly conserved C-terminal domain
containing a Ras-like fold mediates binding to both phosphory-
lated CTR and CTD peptides in vitro and facilitates chromatin
occupancy in vivo (20, 21). Within Rtfl, a central region called
the ORF-Association Region (OAR) was shown to be required
for recruitment of Paf1C to chromatin (22). The OAR, defined
through a series of internal deletions within Rtf1, is a conserved
domain also named the Plus3 domain after the presence of three
invariant positively charged amino acids. NMR structural anal-
ysis and chemical perturbation studies revealed that the Plus3
domain adopts a Tudor domain fold and identified residues on
the Plus3 surface required for interactions with DNA substrates
that mimic the transcription bubble (37). A direct role for the
Plus3 domain in recruitment of Paf1C to chromatin had remained
elusive until a recent report demonstrating that the yeast Plus3
domain is both necessary and sufficient for binding to the C-ter-
minal repeats of Spt5 (19). Further, deletion of the Spt5 CTR or
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loss of Burl activity impairs recruitment of full-length Rtfl (21, 29,
30, 38, 39) and the isolated Plus3 domain to chromatin (19),
demonstrating that modification of the Spt5 CTR is crucial for
recruitment of Pafl to active genes.

Here we provide structural insight into how the Spt5 CTR
mediates recruitment of a transcription elongation factor to RNA
pol II through the structure of the Plus3 domain from human Rtfl
in complex with a phosphorylated Spt5 CTR motif. The structure
reveals the basis for recognition of the CTR motif as well as the
molecular basis for phosphate-specific recognition. Peptide bind-
ing is driven by an extended interface with two parts, one that
discriminates phosphorylation at the T4 position within a CTR
repeat whereas a separate, hydrophobic surface interacts with
position P5 and the Spt5 sequence between canonical CTR repeats.
Both interaction surfaces observed in the Plus3-Spt5 crystal struc-
ture are critical for CTR peptide binding in vitro and together
contribute to Paf1C recruitment to chromatin in yeast.

Results

A Distinct Conserved Surface Distinguishes the Plus3 Domain from
Other Tudor-Containing Proteins. To elucidate the mechanism by
which the Plus3 domain of Rtfl recognizes Spt5 and mediates
recruitment of Paf1C, we crystallized and determined the struc-
ture of the Plus3 domain from human Rif1 (residues 353-484),
refining to an Ry value of 24.0% against data to 2.12-A reso-
lution (see Table S1 and SI Materials and Methods for a complete
description of the structure determination process). The Plus3
domain crystallized with two structurally similar monomers in the
asymmetric unit (0.6-A rmsd over 125 Co atoms). Overall the
fold is similar to that observed using NMR (1.0-A rmsd over 123
pairs of Ca atoms) (37). Comparison with the structural database
identified similarity between the p-sheet core of the Plus3 and
members of the Tudor superfamily including Tudor, MBT,
chromo-, PWWP, and the related PAZ domains (37). Tudor
domains are best known as methyl-arginine and methyl-lysine—
binding domains that play roles in a broad range of biological
functions including histone modifications (40), chromatin
remodeling (41), and RNA maturation (42). Methyl recognition
is accomplished through a cage of two to four aromatic residues,
typically contained within the Tudor domain itself, with enhanced
peptide specificity achieved through neighboring sequences in
Tandem (43) or Extended (44) Tudor domains. Although adopt-
ing a similar fold, the aromatic residues required for methyl rec-
ognition are not conserved in the Rtfl Plus3 domain (Fig. 14 and
Fig. S1), suggesting it is unlikely to bind these substrates.

[ hRif1 Plus3

e

Tudor Hydrophobic
Cage

We mapped sequence conservation onto the surface of the
Rtfl Plus3 domain from an alignment of nine Rtfl sequences
(Fig. 1 B and C). A surface on Rtfl implicated in the recognition
of DNA substrates that mimic the transcription bubble has been
reported (37). This surface is located near the methyl recognition
cage in Tudor domains (Fig. 1C) and contains a number of residues
that are conserved within Rtfl. Our conservation mapping also
identified an additional conserved surface on Rtfl, which contains
two of the three Plus3 residues (R366 and R388). This surface is
distinct from any known Rtfl interaction surface, and we hypoth-
esized that it may represent an additional binding site within the
Plus3 domain.

Phosphospecific Recognition of a Spt5 CTR Motif. The transcription
elongation factor Spt5 exists as a dimer with Spt4 in a complex
known as DSIF in humans and contains between one and fifteen
CTR repeats. The CTR motifs can be phosphorylated by the
kinase Burl/Cdk9 (24, 29, 30), which was shown to enhance re-
cruitment of PaflC to chromatin (19, 21, 29, 30, 38, 39) and
RNA pol II processivity during transcription elongation (24, 35).
Recent biochemical and in vivo evidence has demonstrated
a direct interaction between the Rtfl Plus3 domain and the CTR
of Spt5 in yeast (19). We sought to characterize the human
Plus3-Spt5 interaction and determine whether this interaction
was phosphospecific. To clarify the interpretation of biochemical
results and provide a unique binding register for our structural
work, we synthesized two Spt5 peptides corresponding to resi-
dues 779-790 of human SptS. These peptides contain one com-
plete CTR repeat including its spacer and were constructed
either with or without a phosphothreonine at position T784 (Fig.
2A4). We labeled both peptides with 6-carboxyfluorescein (CF) at
their N terminus and monitored binding of recombinant human
Rtfl Plus3 domain to these peptides using fluorescence anisot-
ropy (Fig. 2B). We found that the Plus3 domain binds the
phosphorylated form of the Spt5 CTR (pCTR) with a calculated
equilibrium dissociation constant (Ky) of 5.45 + 0.38 uM (Fig.
2B). Binding to unphosphorylated peptide resulted in a negligi-
ble change in anisotropy, with an estimated Ky greater than 1
mM. These data suggest that the Plus3 domain can recognize
and directly bind a single phosphorylated repeat of the Spt5 CTR
and strongly suggest Paf1C recruitment to RNA pol II is medi-
ated through a direct interaction with Spt5.

Structure of the Plus3-Spt5 pCTR Complex. To determine the mo-
lecular basis for phosphospecific recognition of a Spt5 CTR re-
peat by the Rtfl Plus3 domain, we crystallized and determined

Conserved Residues C
. Invariant DNA Binding

Invariant Plus3

@ >85% Identical

DNA binding
Surface

Fig. 1. Sequence conservation on the Rtf1 Plus3 domain surface. (A) Structural overlap of the Rtf1 Plus3 domain (blue) with a Tudor-histone H4 methyllysine

complex from p53-binding protein 1 (53BP1) (orange; PDB ID 2IG0) (43). The second Tudor fold from 53BP1 is not making contacts with the methyllysine and
has been removed for clarity. Aromatic cage residues (yellow) in 53BP1 are indicated. (B and C) Surface representation of the Rtf1 Plus3 domain with residue
positions that contain >85% sequence identity in an alignment of Rtf1 sequences colored blue. Residues involved in DNA recognition are labeled (red). The
invariant Plus3 residues are labeled green.
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Fig. 2. Human Rtf1 Plus3 domain recognizes phosphorylated Spt5 CTR. (A)
Domain architecture of human Spt5 including acidic, NusG-N-terminal (NGN)
domain, KOW (Kyprides, Ouzounis, Woese) domains, and the C-terminal
repeat (CTR) regions. Spt5 sequence (767-815) containing the CTR repeats is
expanded, with pentapeptide CTR motifs underlined and phosphocapable
threonine residues indicated with an asterisk. (B) Increasing concentrations
of purified Plus3 were titrated into 20 nM of fluorescein-labeled pCTR or CTR
peptide, and binding was assessed via fluorescence anisotropy. Binding
measurements were performed in triplicate, and the SD was plotted. The Kq
was extrapolated using nonlinear regression.

the structure of a Plus3—pCTR complex (Fig. 34). Phases were
determined using molecular replacement and the Plus3 structure
as a search model. The final model was refined at 2.43-A reso-
Iution with Ry and Ry, values of 17.7 and 22.4%, respectively.
Six Plus3 molecules are contained within the asymmetric unit, four
of which are in complex with a CTR motif (Fig. 34). For clarity we
are describing the complex that is best resolved and whose model
is most complete; however, all four complexes adopt a similar
conformation (maximum rmsd of 0.8 A over 131 Ca atoms). The
two remaining Plus3 proteins are making crystal contacts that

occlude the peptide binding. The conformation of the Plus3 do-
main is not significantly altered as a result of peptide binding, with
an rmsd of 0.8 A over 133 Ca atoms.

The CTR peptide lies across a shallow groove formed by the
f1-p2 central halrgm and the loop connecting p6 and oS5 (Fig.
3A4), burying 443 A? of surface area on the Plus3 domain. The
Plus3-Spt5 interface is distant from the location of methyl binding
in Tudor domains and largely overlaps the conserved surface
observed earlier (Fig. 1B). Interactions between the Plus3 and the
Spt5 pCTR peptide can be divided into two sections, a phospho-
threonine recognition interface and a hydrophobic peptide-binding
interface. Recognition of the CTR phosphothreonine (pT784) is
accomplished through a series of hydrogen-bonding interactions
that form a cage around the phosphate. Two of the conserved
positively charged residues from which the Plus3 domain derives
its name are found in this interface. One of these, R366, makes
a hydrogen bond with the gamma oxygen of pT784, orienting the
position of the threonine residue within the binding pocket (Fig.
3B). The positioning of pT784 is also conferred by hydrophobic
interactions between the gamma carbon of the pT784 residue
and the aromatic ring of Y400 and the Ca positions of S443 and
F441. The other canonical Plus3 residue in this interface, R388,
interacts with and likely orients the side chains of Y400 and S443,
both of which are making direct hydrogen bonds to the O3 po-
sition of the phosphate moiety (Fig. 3B). Combined with residue
Q445, which is making a direct hydrogen bond to the O1 oxygen,
this network of hydrogen-bonding interactions recognizes three
of the four oxygens within the pT784, providing a mechanism for
phosphospecific recognition by the Plus3 domain.

The second portion of the Plus3—pCTR interface is hydro-
phobic, and unexpectedly, we found it primarily contained Spt5
residues from the spacer region between repeats (Figs. 24 and
3C). The size of this spacer in humans is often conserved and
typically contains residues with hydrophobic character (Fig. S2).
In the complex we crystallized, Plus3 residues Y400, P398, N393,
G390, and G392 combine to form a small pocket that accom-
modates Spt5 spacer residue M786. The first spacer position is
occupied by a large hydrophobic residue such as Met, His, or
Leu, any of which could be accommodated within this pocket.
The second spacer position, Y787 in our peptide, is interacting
through its aromatic ring with a hydrophobic surface on Rtfl
formed by residues F441, F437, and 1391. Although the tyrosine

Fig. 3. Rtf1 Plus3 uses an extended surface to recognize the Spt5 pCTR motif. (A) Surface view of the Plus3 domain (white) in complex with the Spt5 pCTR
peptide (yellow). Omit map density (F,-F, contoured at 4.0 ¢, green) is shown for the peptide. The side chain of Spt5 R783 has been removed for clarity. (B)
The phosphothreonine recognition pocket. The Spt5 pCTR peptide is shown in yellow with omit map density (F,-F. contoured at 4.0 o) in green. Critical Plus3
residues involved in peptide recognition (white sticks) and the hydrogen bonds involved in recognition (black) are indicated. (C) The hydrophobic Spt5 pCTR-
binding surface. Van der Waal interactions (magenta) between Plus3 residues (white) and the pCTR peptide (yellow) are shown. Spt5 residues pT784 and P785
are contained within the CTR motif, whereas residues M786 and Y787 are found within the spacer between CTR repeats and are making significant contacts
with the Rtf1 Plus3 domain. Contacts between M786 and Plus3 residues G390 and G392 have been omitted for clarity.
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in our peptide is the consensus residue at this position, it seems
quite reasonable that the Plus3 surface could accommodate glu-
tamine and histidine residues which are also found in this position.
Outside of the phosphothreonine recognition surface, the central
organizing residue on the Plus3 surface is F441. This residue
makes van der Waals contacts with Spt5 residues P785, M786, and
Y787 (Fig. 3C). Interactions with P785 are with the C§ and Cy
positions explaining its preference for this cyclic residue, whereas
interactions with M786 and Y787 are largely through the peptide
backbone allowing for some flexibility in CTR sequence recogni-
tion. Together the structure of the Rtfl Plus3 domain in complex
with a pCTR peptide reveals the basis for phosphothreonine-
specific recognition of Spt5, whereas interactions outside of pT784
can accommodate the observed variation in CTR sequence.

Identification of Critical Residues Within the Plus3 Domain That
Mediate pCTR Binding. The binding interface observed in our
Plus3—pCTR complex is separate from both the proposed DNA-
binding surface identified by NMR chemical perturbation studies
(37) and the canonical methyllysine-binding site in Tudor
domains (43), suggesting the Plus3 domain has evolved a sepa-
rate binding surface specifically to interact with Spt5 (Fig. 1B).
We next tested the importance of residues at the Plus3—-pCTR
interface for peptide binding in solution. Guided by our struc-
tural data, we used site-directed mutagenesis to alter amino acids
that lie on the Plus3 surface, avoiding residues that may play
a significant role in conferring protein stability. We tested the
ability of purified WT and mutant Plus3 domains to interact with
pCTR peptide using differential scanning fluorimetry (45, 46). In
this assay, a hydrophobic fluorescent dye is used to monitor the
change in melting temperature (AT,,) conferred by the addition
of ligand. We observe a ATy, of 1.5 °C when using WT Plus3 and
pCTR peptide compared with a ATy, of 0.5 °C when using WT
Plus3 and an unphosphorylated Spt5 peptide (Fig. 44). In the
absence of peptide, the thermal denaturation profiles of Plus3
variants were similar to WT, indicating that overall stability was
unaffected for any of the proteins tested (Fig. S3). A R366A
substitution, however, abolished pCTR binding, suggesting an
important role in peptide binding for this residue. This role may
be to orient the side chain of Spt5 T784, thereby positioning the
attached phosphate group into the hydrogen-bonding cage and
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Fig. 4. Substitutions of residues at the Plus3—pCTR interface affect peptide
binding. (A) Increase in the unfolding temperature for Plus3 upon the ad-
dition of CTR peptide as measured by differential scanning fluorimetry.
White bar indicate measurements performed using WT Plus3 protein with
the indicated peptide, gray bars used the indicated Plus3 variant with pCTR
peptide. Asterisks denote P values of <0.05. Error bars represent SD from 12
replicates. (B) Binding isotherms for human Plus3 or the indicated Plus3
variant to 6-CF-labeled pCTR peptide. Increasing concentrations of purified
Plus3 variants were titrated into 20 nM of pCTR peptide, and binding was
assessed via fluorescence anisotropy. Experiments were performed in tripli-
cate, and the SD was plotted.
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suggesting why the effect of a R366A mutant was stronger than
that of Q445A which is also hydrogen-bonding to pT784 (Fig.
44). Alanine substitutions within the hydrophobic interface
at positions F437 and F441 significantly compromised peptide
binding, whereas a R435A variant had a subtle effect, all con-
sistent with their role in peptide recognition observed in the
structure. Substitutions in conserved residues K413 and F440
located outside the binding interface had no effect (Fig. 44 and
Fig. S3), further validating predictions based on the structure.

We used fluorescence anisotropy to test the importance of
residues at the Plus3—pCTR interface using an alternative ap-
proach. R366A and F441A substitutions both severely reduced
pCTR binding (Fig. 4B), in agreement with the results from
differential scanning fluorimetry. These results suggest that both
hydrogen bonding and hydrophobic interactions are critical for
proper pCTR binding. Titrations using a F437A variant of Plus3
resulted in reduced affinity for pCTR, consistent with an im-
portant but not critical role in peptide recognition. Together,
these data demonstrate that the pCTR-binding surface observed
in the crystal is also being used for peptide binding in solution.
Further it demonstrates that both the phosphothreonine recog-
nition cage and the hydrophobic binding interface centered on
F441 are critical determinants for Spt5 binding.

Rtf1 Plus3 Residues Are Important for Proper Chromatin Association.
Our structural and biochemical studies identified amino acids
R366 and F441 of human Rtfl as being critical for the Plus3—
pCTR interaction in vitro. To test if these residues are important
for the recruitment of Rtfl to chromatin in vivo, we performed
chromatin immunoprecipitation assays in Saccharomyces cer-
evisiae where roles for the Rtfl Plus3, the Spt5 CTR, and the
Burl-Bur2 kinase in Paf1C recruitment have been well estab-
lished (19, 21, 29, 30, 38, 39). Individually, alanine substitutions
for S. cerevisiae Rtfl residues R251 and Y327, which correspond
to human Rtfl residues R366 and F441, respectively, caused
a modest decrease in Rtfl occupancy on two active genes, PYK/
and PMAI, with the R251A substitution having the stronger ef-
fect (Fig. 54). Interestingly, when both the R251A and Y327A
substitutions were incorporated into Rtfl, an approximately
additive decrease in chromatin occupancy of Rtfl was observed.
Consistent with the localization of the corresponding human
Rtf1 residues on the surface of the Plus3 (Fig. 3), individual and
simultaneous substitution of R251 and Y327 did not affect the
stability of yeast Rtfl (Fig. 5B). These results indicate that key
residues on the Plus3—pCTR interface identified through struc-
tural analysis are relevant to recruitment of Rtfl in vivo and
support the idea that the phosphothreonine recognition cage and
the hydrophobic binding interface make important individual
contributions to the Plus3—-pCTR interaction.

Previous studies demonstrated that the carboxyl-terminal do-
main of Cdc73 (Cdc73 C domain) and the Plus3 domain of Rtfl
are both important for recruitment of Paf1C to chromatin (19—
22), raising the possibility that the Cdc73 C domain and the Rtfl
Plus3-Spt5 CTR interaction surface function redundantly, at
least in part, to tether Pafl1C to elongating RNA pol II. To test
this idea, we constructed yeast strains that contain a cdc73 C-
domain deletion mutation, the r#fI1-R251A4, Y327A Plus3 domain
mutation, or both mutations. ChIP analysis of Cdc73 occupancy,
detected through an HA tag on Cdc73 or Cdc73AC, revealed
that simultaneous removal of the Cdc73 C domain and the Spt5
CTR interacting residues within the Plus3 domain led to a greater
defect in PaflC chromatin localization than either single mutant
condition (Fig. 5C). Western analysis demonstrated that the mu-
tant proteins were present at WT levels within the cells (Fig. 5D).
Deletion of the Rtfl Plus3 domain resulted in a pronounced re-
duction in H3 K4 trimethylation and H3 K79 di/trimethylation
levels (Fig. S4). Histone H3 K36 trimethylation and H3 K4
dimethylation decreased modestly in this strain, whereas deletion of
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the C domain from Cdc73 resulted in only a modest change for all
of the histone modifications that we tested. Importantly, these
Paf1C-mediated histone modifications were nearly abolished in the
absence of both domains (Fig. S4). These data further support the
importance of the Plus3-Spt5 CTR interface in Pafl1C recruitment
and indicate that the association of Paf1C with RNA pol II is facil-
itated by dual attachment points.

Discussion
The universally conserved transcription elongation factor Spt4-
Spt5 plays an important role in the recruitment of transcription
elongation and RNA-processing factors to RNA pol II. The re-
cruitment of these factors is regulated by Burl/Cdk9-mediated
phosphorylation of short repeated CTR motifs in Spt5 (28, 31).
The CTR could then serve as a scaffold for the phosphorylation-
dependent recruitment of factors to transcribed genes in a man-
ner analogous to the CTD of RNA pol II. Structural data of
RNA pol I CTD peptides in complex with several different
interacting proteins (47, 48) have shown a remarkable diversity in
the manner in which these proteins recognize specific residues
within the CTD motifs. In contrast, the molecular basis for phos-
phospecific Spt5 CTR motif recognition has remained elusive.
Here we present structural insight into this important region
of Spt5 in complex with the Plus3 domain of human Rtfl. In-
terestingly, CTR recognition is contained within a conserved
surface distinct from its putative DNA-binding surface (37). The
CTR-binding surface is also distinct from binding surfaces used
by its structural homologs, and we believe this represents a vari-
ation in peptide recognition by a Tudor domain. Because the
Plus3—pCTR interface is separate from the proposed DNA-
binding surface, it is possible that the Plus3 domain of Rtfl could
bind DNA and the Spt5 CTR simultaneously. Interactions with
DNA could then serve a regulatory role to either enhance or
hinder Spt5 binding. A precedent for this type of regulation can
be found in the chromodomain of MSL3, which requires recog-
nition of both double-stranded DNA and histone H4 mono-
methylated on lysine 20 to facilitate chromatin recruitment (49).
The human CTR motif (GS[Q/R]TP) used in this study is also
conserved in a diverse range of organisms including mouse,
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tracts of strains used in C, using a-Rtf1 and a-HA to
determine the Rtf1 and Cdc73 protein levels and
a-G6PDH as the loading control.

zebrafish, mosquito, Schizosaccharomyces pombe, and arabidopsis
(35). The CTR in S. cerevisiae is divergent in sequence but retains
similar chemical properties (Fig. S2B). The structural data de-
scribed here suggest an expansion of the CTR motif to include
sequences between traditional repeats. Interestingly, Spt5 residues
G782 and S783 do not make significant contacts with the Plus3
domain in our structure; however, these residues are strongly
conserved within the CTR motif. One explanation for this ap-
parent discrepancy is that although these two positions are not
important for Plus3 binding, they are recognized by other CTR-
binding proteins providing evolutionary pressure to avoid changes
at those positions within the CTR. Alternatively, the highly flexible
GS pair may provide a malleable linkage between CTR motifs.
This could be important for factors that may be simultaneously
recognizing multiple CTR motifs. Although we cannot rule out
this possibility for the Rtfl Plus3 domain, we note that binding
affinity for a single CTR motif already exceeds that of Scaf8, Pcf11,
Nrdl, and Rtt103 for tandem CTD repeats (47, 50), suggesting
that increased affinity provided by multiple CTR motifs may not
be necessary at least for Rtfl or that cooperative binding inter-
actions between multiple factors play a more prominent role in
CTD recognition (51). Last, it is possible that the conserved GS
residues allow Spt5 sequences containing multiple CTR motifs to
adopt additional structure such as has been observed with phos-
phorylated CTD peptides (47, 48).

Substitution of residues critical for CTR peptide binding dis-
rupted the recruitment of Rtfl to chromatin in yeast, demon-
strating the importance of this conserved interaction surface and
providing a molecular mechanism for CTR-mediated recruitment
of Paf1C to chromatin. Studies in humans have demonstrated that
Spt5 is capable of interacting with Paf1C without the need of CTR
phosphorylation or the CTR itself (24) suggesting that there is an
additional contact point within Paf1C for Spt4-Spt5. Future effort
will be needed to reveal the details of this interaction. Our results
on the Plus3—-pCTR interaction shed light on the diverse
mechanisms by which eukaryotes coordinate RNA synthesis with
important cotranscriptional processes, including histone modifi-
cation and recruitment of RNA-processing factors.
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Materials and Methods

Full details of the methods used, including protein expression, purification,
a complete description of the structural methods, fluorescence anisotropy,
chromatin immunoprecipitation, westerns, plasmid construction, and yeast
strains, are presented in S/ Materials and Methods.
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