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Abstract

The phosphorylation state of heptapeptide repeats within the C-terminal domain (CTD) of the
largest subunit of RNA Polymerase 11 (Polll) controls the transcription cycle and is maintained by
the competing action of kinases and phosphatases. Rtrl was recently proposed to be the enzyme
responsible for the transition of Polll into the elongation and termination phases of transcription
by removing the phosphate marker on Serine 5, but this attribution was questioned by the apparent
lack of enzymatic activity. Here we demonstrate that Rtrl is a phosphatase of new structure that is
auto-inhibited by its own C-terminus. The enzymatic activity of the protein in vitro is functionally
important in vivo as well: a single amino acid mutation that reduces activity leads to the same
phenotype in vivo as deletion of the protein-coding gene from yeast. Surprisingly, Rtrl
dephosphorylates not only Serine 5 on the CTD, but also the newly described anti-termination
Tyrosine 1 marker, supporting the hypothesis that Rtrl and its homologs promote the transition
from transcription to termination.

Introduction

The phosphorylation state of the C-terminal domain of RNA Polymerase 11 (Polll) Rpbl
subunit controls transcriptionl. The CTD consists of a highly conserved heptapeptide
(Y1S,P3T4S5PgS7) repeated between 26 times in Saccharomyces cerevisiae and 52 times in
humans. Ser2 and Ser5 are reversibly phosphorylated, while the prolines are subject to cis-
trans isomerization facilitated by isomerases such as Ess12-8. In addition, the Tyr1, Thr4 and
Ser7 residues can also be phosphorylated, although the impact and scope of these
modifications is less well understood’—9. The dynamic combination of post-translational
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modifications constitutes a ‘CTD code’ which helps recruit or activate various factors to the
polymerase during the transcription cycle0-12,

High levels of phosphorylation of Ser5 (Ser5P) on the CTD occur at or near the promoter
and help recruit mRNA capping and transcription elongation factors3-12, This modification
can also act as a signal for the snoRNA/snRNA termination pathway via the Nrd1-Nab3-
Sen1 complex in yeasts1®. Ser5P is progressively dephosphorylated as the polymerase
progresses into the elongation and termination phases of transcription. In contrast, Ser2
phosphorylation (Ser2P) levels are low at the start of transcription and increase as the
polymerase moves along a gene, where this modification signals the recruitment and/or
activation of transcription termination factors1/-19,

Multiple Ser2/5 kinases and phosphatases have been identified?, but the identity of the
phosphatase responsible for the critical transition from Ser5P to Ser2P during transcriptional
elongation remains unclear. Yeast Rtrl, a highly conserved protein in all eukaryotes (Figure
S1), was recently proposed to be the Ser5P phosphatase responsible for this transitionZ0, a
hypothesis further supported by the independent observation that its human orthologue
(RPAP2) has phosphatase activity with identical selectivity profile: active on Ser5P, but not
upon Ser2P nor Ser7P20:21, However, this attribution was negated by the lack of in vitro
phosphatase activity in Kluyveromyces lactis Rtrl, whose crystal structure also failed to
reveal a canonical active site observed in other phosphatases?2. It was proposed that the
phosphatase activity detected for Rtrl might arise from the co-purification of an E. coli
phosphatase enzyme, although it would appear unlikely that the accidental presence of a
recombinant protein from bacterial sources would yield an enzyme that selectively
dephosphorylates a substrate without an equivalent in bacteria.

Here we resolve this controversy by reporting that Rtrl is active as a phosphatase and that
its enzymatic activity is functional: mutation in a single absolutely conserved residue that
significantly reduces catalytic activity in vitro also abolishes its function in vivo. We further
show that Rtrl can target and dephosphorylate Polll CTD repeats carrying both Ser5P and
the newly described anti-termination Tyrl phosphorylation marker, providing additional
evidence that Rtrl is the phosphatase that promotes the transition from initiation to the
elongation and termination phases of transcription.

Rtrlis a phosphatase

We independently determined the crystal structure of the K. lactis Rtrl (KIRtrl) NTD
(amino acids 1-156, Table 1), which is nearly identical to the previously determined
structure?2 (Ca RMSD = 0.35A) (Figure 1A). Purification of the full-length KIRtr1 protein
using standard protocols (Figure 1B, upper flow) resulted in preparations that lacked activity
when assayed against both phosphorylated GST-CTD (data not shown) and the acid
phosphatase substrate 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) (Figure 1C),
a classical phosphatase substrate. However, a closer examination of purification protocols in
light of reports that some phosphatases are inhibited by very low concentrations of divalent
metal ions?3, prompted us to consider the possibility that activity was abolished by an

J Mol Biol. Author manuscript; available in PMC 2015 August 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hsu et al.

Page 3

inhibitory metal. Thus, we re-purified KIRtrl with just one additional step: washing the
protein with EDTA prior to the final gel filtration step (Figure 1B, lower flow). This EDTA-
treated protein exhibited robust activity against the phosphatase substrate (Figure 1C) and
the GST-CTD (see below). Careful quantitation of the protein samples used in the assays by
various methods, including SDS-PAGE, demonstrates that equal amounts of proteins were
used, suggesting that activity is intrinsic to the EDTA treated sample (Figure S2A).

Since a simple treatment with EDTA vyielded an active protein, we performed the assay in
the presence of Mg, Ni and Ca (Figure S2B) but none of these metals had significant effects
on the activity of the protein. However, the enzymatic activity is sensitive to specific
phosphatase inhibitors. The classical competitive phosphatase inhibitor orthovanadate
inhibited KIRtr1 with an inhibition constant K; of approximately 0.8uM (Figure 1D), while
the inhibitor B-glycerophosphate (BGP) had little effect at similar concentrations.
Exhaustive efforts to soak or co-crystallize a wide range of known phosphatase inhibitors
and/or peptides to obtain an enzyme:substrate complex were unsuccessful, perhaps due in
part to its poor kinetics (see below, Table 2).

Mass spectrometry did not reveal the presence of any other significant co-purified protein in
our preparations, but very low levels of contamination cannot be ruled out, leaving open the
possibility that phosphatase activity could arise from an E. coli protein?2. To demonstrate
that catalytic activity resides in Rtrl, we introduced point mutants within highly conserved
residues (Figure S1). Mutations of the conserved Cys residues (C73/78/111) resulted in
insoluble, most likely unfolded proteins, which were obviously inactive, consistent with the
critical role of zinc coordination in protein folding. More revealing, a conservative mutation
of the strictly conserved Glu66 (Figure 1E) to GIn produced soluble folded protein with
significantly reduced activity against DiFMUP (Figure 1B). The loss of activity following a
structurally conservative Glu-GlIn substitution, suggests that enzymatic activity originates
with Rtrl and not from co-purified contaminants.

In order to completely rule out a co-purifying E. coli phosphatase, we expressed and purified
Rtrl as a GST fusion protein from insect cells using a baculovirus expression system and
assayed its activity against DiFMUP. We observe activity comparable to that of protein
purified from bacteria, indicating that activity stems directly from Rtrl and not an E. coli
contaminant (Figure S2B).

To investigate whether the phosphatase activity of Rtrl is functionally important in cells, we
introduced these mutants into yeast in vivo. While Rtrl is not an essential gene, cells lacking
Rtr1 (Figure 1F, rtr1A) grow poorly at 37°C24. This temperature sensitivity phenotype is
further strengthened when Rtr2 is also deleted (Figure 1F, rtr1A/rtr2A). Strikingly, cells in
which the chromosomal copy of Rtrl is replaced with an Rtrl E66A mutant behave
similarly to cells lacking Rtrl. In an rtr2A background, the E66A mutant also displays
increased temperature sensitivity similar to rtrlA/rtr2A (Figure 1F, Rtr1-E66A/rtr2A).
Western blot analysis of protein levels show that the EG6A mutant is similarly expressed as
the wild-type (Figure S2D). Thus, abrogating the enzymatic activity of the protein by a
single amino acid change leads to a growth defect comparable to that observed with the
deletion of the protein in yeast.
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We conclude that Rtrl is an active phosphatase, which is unrelated structurally to other
known such enzymes, and that the function of the protein in vivo is directly related to its
enzymatic activity.

The phosphatase activity resides within the conserved N-terminal domain and is regulated
by the C-terminal region

Rtrl is a highly conserved protein in all eukaryotes (Figure S1), even if it is a nonessential
gene in yeasts?4. Based on the crystal structure and the sequence alignment, yeast Rtr1’s can
be divided into a highly conserved N-terminal domain (NTD) of approximately 150 residues
and a less conserved region in its C-terminus, referred to as the C-terminal region (CTR)
(Figure 2A). The metazoan Rtrl protein (RPAP2) tends to be much larger proteins of
approximately 600 residues, with the only significant conservation found within the NTD.

Given that the crystal structure of the most conserved domain revealed no putative active
site, we considered the possibility that activity could originate at the interface between the
two domains. However, the CTR exhibited no activity above background, while both NTD
and full protein had robust activity and similar affinities for the substrate (Table 2).
Interestingly, the NTD exhibited a nearly 30% increase in Vmax/Kcat relative to the full
protein (Figure 2B), suggesting that the CTR regulates enzymatic activity via a hon-
competitive mechanism. To confirm the activity of the NTD is conserved in yeasts and
animals, we also purified and assayed human RPAP2’s NTD (residues 1-189) against
DiFMUP. We observe activity from RPAP2 NTD against DiFMUP, although albeit weaker
compared to the K. lactis NTD (Figure 2C). Thus, these data demonstrate that the NTD of
Rtrl represents the active phosphatase domain conserved from yeast to human.

Based on the noncompetitive inhibition of the NTD by the CTR, we asked if the previously
observed inhibition resulting from purification is alleviated by the deletion of the CTR.
Indeed, the NTD construct purified using either method of Figure 1B yielded active protein
with similar kinetic profiles (Figure S2E). Thus, Rtrl’s NTD is an evolutionarily conserved
phosphatase domain, albeit inefficient.

Auto-inhibition confines the active site

We were unable to crystallize the complete K. lactis Rtrl proteins, and NMR analysis on S.
cerevisiae Rtrl yields spectra of mixed quality. Peaks from the NTD are well dispersed, as
expected for a domain with a well-defined fold, while peaks originating from the CTR
cluster within a narrow spectral region (8-8.5 ppm) and are more intense, suggesting that
this region of the protein is only partially structured (Figure S3A and B). Unambiguous
NOEs were nonetheless observed between residues belonging to the CTR and the NTD
(Figure 3A, left), indicating an interaction between these two regions. Significantly, the
residues contacted by the CTR occur near the zinc finger on the “back” face of the protein
(Figure 3A, right), on the opposite side of the invariant Glu66 residue that drastically
reduces activity (Figure 1C, E and Figure 3A, right). In several partially refined NMR
structures of the complete ScRtr1 protein, the CTR can assume positions on the back face of
the NTD (Figure S4). However, since kinetic data from Figure 2B suggest that the CTR is a
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noncompetitive regulator of NTD activity, the active site of Rtrl cannot reside on this back
face of the protein.

Sequence alignment of Rtrl (Figure 3B) reveals an invariant (in yeasts) glutamate (KIRtrl
Glul97) near the extreme C-terminus of the enzyme, as well as a number of highly
conserved residues both N- and C-terminal to the glutamate. Two of these residues in the
CTR (S. cerevisiae W204/L.205; equivalent K. lactis M189/L.190) displayed NOEs residues
found in the NTD (Figure 3A, left). Given E197’s invariance and relative proximity to
residues that were structurally connected to the NTD, we hypothesized that this conserved
residue of the protein regulates enzyme activity. When Glu197 was conservatively mutated
to GlIn, we observed an increase in K¢y relative to the wild type full-length enzyme.
Comparison of the kinetic parameters of this mutant with the NTD construct shows a similar
Vmax, suggesting abrogation of auto-inhibition by mutation of the single conserved
glutamate (Figure 3C, Table 2). We collected NOESY spectra of the equivalent mutant in
our ScRtrl construct, but observed no differences, suggesting that this glutamate regulates
activity in a manner that does not disrupt the NTD-CTR interface (data not shown).

We also crystallized and solved the structure of ScRtr1, although to lower resolution
compared to KIRtr1’s NTD (~4A) (Table 1). The structure revealed no additional electron
density for the CTR aside from a single helix. While the NTD structure is nearly identical to
the K. lactis protein, we observed very clear features of a loop (residues ~75-100) in the
low-resolution map of ScRtrl (Figure S5A, left), not seen in the crystal structure of the
KIRtrl NTD. Examination of backbone dynamics conducted by NMR relaxation methods
confirmed that the loop is flexible (Figure S3B). It is only stabilized in the crystal by a
packing interaction with a neighboring molecule (Figure S5A) and forms a V-shaped
crevasse with helices 4 (including Glu66) and 5, potentially forming a structurally dynamic
active site. While the sequence is poorly conserved, the length of this loop appears to always
range between 20-30 amino acids across species.

To investigate the role of this loop in enzymatic activity, we introduced a series of internal
deletions in this loop in our KIRtrl NTD construct to assay for activity. Assays of NTDA90—
99 show a near 40% drop in Vyay; an even larger deletion (NTDA85-99) shows a more
significant decrease in Vyax (near 70%) (Figure S5B). Gel filtration of these constructs
show elution volumes similar to that of the wild type NTD, suggesting that deletion of this
loop did not affect the folding of this domain (Figure S5C), and that the abrogation of
activity is solely attributed to the loss of the loop. Altogether these data show that the loop
plays a role in enzymatic activity, although the structural basis is unclear.

To summarize (Figure 3D), the non-competitive nature of the regulation of the NTD
suggests that the CTR does not mask the active site. The data suggest instead that the active
site is located within the front side of this protein near this loop and the Glu66 residue.

both Ser5P and Tyr1P for dephosphorylation

In order to establish the specificity of purified KIRtr1 protein on the CTD, we carried out
phosphatase assays using GST-CTD phosphorylated with purified TFIIH (Figure 4A).
KIRtrl preferentially dephosphorylates Ser5P but with little effect on Ser2P and Ser7P
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(Figure 4B). Quantitation of the signals from the blots clearly shows robust
dephosphorylation of Ser5P with increasing enzyme (Figure 4C).

Recent work identified Tyrl phosphorylation within the S. cerevisiae CTD as an anti-
termination marker®. Namely, chromatin immunoprecipitation profiles of Tyr1P show an
enrichment of the phospho-marker during the elongation phase of transcription, in
agreement with its putative role in preventing the premature recruitment of transcription
termination factors. Given the role of Rtrl in dephosphorylating Ser5P during transcription
to generate the predominant Ser2P form observed in late phases of transcription, we asked
whether Rtr1 would dephosphorylate Tyr1P as well.

The kinase activity of TFIIH is only weakly active on tyrosines in vitro (Figure 4A, top
panel; Figure 4B, lower left panels). Thus, we used Abl kinase and TFIIH together to
effectively phosphorylate both serines and tyrosines on the CTD in vitro?®. We then assayed
the modified polypeptide with an anti-Tyr1P antibody (Chromotek) in parallel with the other
phospho-specific antibodies. As shown in Figure 4A, Rtrl dephosphorylates Tyr1P as well:
the signal for the Tyr1-specific antibody decreases with increasing amounts of Rtrl. The
presence of the TyrlP marker does not disrupt the ability of the enzyme to dephosphorylate
Ser5P (Figure 4A and B), since quantitation shows that dephosphorylation is comparable for
Tyrl and Ser5, but the signals for Ser2P and Ser7P remain constant after Rtrl treatment. In
addition to highlighting a new and unexpected phosphatase specificity, this result suggests
that Rtr1 does not recognize and bind to the CTD like the well-characterized CTD-
interacting domain proteins, which are repelled by the presence of the Tyr1P marker®.

Finally, we tested Rtr1’s ability to dephosphorylate synthetic CTD peptides phosphorylated
only on either Tyrl1P, Ser5P, and a disphosphorylated Ser2/5P, but strangely, Rtrl displayed
no activity against these phosphorylated peptides both in the presence and absence of
Ess1°:26 (data not shown). These data are in contrast with the data on the long form of the
CTD (Fig. 4), and raise the possibility of a CTD code embedded in the heterogeneously
phosphorylated GST-CTD substrate which Rtrl can recognize and dephosphorylate.

Discussion

The interplay of kinases and phosphatases that act upon the C-terminal domain (CTD) of
RNA Polll regulates and times the synthesis and biogenesis of cellular RNAs. However, the
identity of the critical transition phosphatase that removes the Ser5P marker and shift the
polymerase to the elongation and termination mode remains to be firmly established. Rtrl
(RPAP2 in vertebrates), a highly conserved protein in all eukaryotes, was proposed to be
such a phosphatase in two independent studies showing that Rtrl in both yeasts and
vertebrates can specifically dephosphorylate the CTD Ser5P20:27, but this conclusion was
negated by the report that a highly purified, crystallized K. lactis Rtrl was inactive?2. We
demonstrate here that Rtrl is a phosphatase of new structure and attribute previous results
on the lack of enzymatic activity to the absence of an identifiable step in the purification
protocol, which resulted in an inactive protein. We further show that the phosphatase
activity of Rtrl is functionally important. Mutation of the absolutely conserved Glu66 to Gin
reduces catalytic activity significantly and leads to the same phenotype in vivo observed for
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mutations of the zinc coordinating Cys residues, which generate an unfolded, obviously
misfunctional protein.

The use of EDTA during purification was understandably overlooked because Rtrl requires
a single structural zinc ion to maintain its fold. However, Rtrl maintains its hold on the
structural zinc ion, once expressed, even in the presence of high concentrations of chelating
agents, and in our hands required no additional zinc to be added to the growth media, or
purification solutions?2. While we were able to obtain crystals of ScRtri full-length that
diffracted to 4A, we did not identify an obvious contaminating metal, likely due to the low
resolution of the maps.

Rtrl displays linear enzyme kinetics over a one hour time course as assayed by both
fluorescence (observation of product), or malachite green (observation of phosphate release)
and is selectively inhibited by a classical phosphatase inhibitor. However, it is an inefficient
enzyme by comparison with other Ser5P phosphatases, such as Ssu72 and Scp128:2%, Even
when compared to the Ser2P phosphatase Fcp139, the slowest known CTD phosphatase,
Rtrl is nearly 400 times slower, at about 1x1073 s71 in vitro against DiIFMUP. The poor
turnover rate of Rtrl is likely a reflection of its structure, which lacks a well-defined pocket
or groove to serve as an active site. We provide this conjecture also as an explanation for our
inability to crystallize an enzyme-inhibitor complex despite exhaustive attempts.

Kinetic measurements revealed a noncompetitive auto-inhibitory function for the partially
conserved CTR of Rtrl, mediated by a conserved glutamate located near the C-terminus of
the protein. Mutation of this single residue alleviated the partial inhibition of Rtrl. While
suppression of enzymatic activity is only ~30%, it would seem that Rtr1 was naturally
evolved to be a kinetically slow enzyme. In our in vitro characterization, we cannot rule out
that Rtr1’s inhibition by a divalent metal is not reflective of a native state where a regulatory
mechanism is in place to activate the protein by removing the inhibitory metal. Both auto-
inhibition by the C-terminus and the regulatory loop found in the NTD provide attractive
candidates for regulation during transcription by an as yet unidentified protein partners.

We also observe that Rtrl is a dual specificity phosphatase, which acts not only on Ser5P
but on Tyr1P, a new anti-termination marker®. The activity towards Tyr1P in vitro is
specific: similar levels of dephosphorylation were observed for both Tyr1P and Ser5P, while
levels of Ser2P and Ser7P were not affected at all (Fig. 4B). Interestingly, ChIP data show
that the levels of Rtr1 do not decrease to background until the end of transcription?°, in
coincidence with the decline of the Tyr1P marker®, but additional work will be needed to
address the in vivo effect Rtrl has on Tyr1P.

Rtrl is active on long CTD repeats, but it displays no activity towards synthetic CTD
phosphopeptide mimics. However, these substrates differ considerably from the GST-CTD,
which is heterogeneously phosphorylated across its entire length, while synthetic peptides
have a narrowly defined phospho-pattern. Our contrasting data lead us to speculate that Rtrl
recognizes an unidentified CTD code, which can be found on a heavily modified substrate, a
hypothesis supported by studies on RPAP2 that show that it can bind to Ser7P peptides?
and studies on Rtr1 that show interaction with both the Ser5 and Ser2 forms of PollI32, The
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elongation phase of transcription in which Rtrl is active is also the phase of transcription
where the CTD is most heavily modified, with Ser2/5 and Tyr1 as known markers, and
additional potential marks at Thr4 and Ser7. Overlapping phospho-marks between
neighboring repeats can also specify a recruitment signal for CTD interacting proteins33.
Additional work will be needed to systematically identify the CTD substrate recognized and
dephosphorylated by Rtr1.

Based on our observations, and previous work we propose that Rtr1 is recruited to Polll
during import and assembly of the polymerase34 in a form where enzymatic activity is
limited. Since Rtrl does not dephosphoryate peptides carrying only isolated Tyrl and Ser5
phospho-marks, Rtrl remains inactive during transcriptional initiation, capping and
promoter clearance (Figure 5 top). As the polymerase shifts fully into processive elongation
and additional phospho-markers are deposited along the CTD, Rtrl begins to recognize a
specific but unknown ‘CTD code’ and begins to remove the Ser5P markers, progressively
setting the polymerase into the transcription termination mode (Figure 5 bottom). Additional
factors could also stimulate the activity of Rtrl during the transition phase either by direct
binding or post translational modifications.

In conclusion, the data presented here demonstrate that Rtrl is a phosphatase of novel
structure that removes the TyrlP and Ser5P markers from the Polll CTD, albeit inefficiently.
Thus, it is the phosphatase responsible for the transition to the elongation and termination
phase of transcription. Future work will be needed to elucidate its catalytic mechanism,
which may be distinct from that of known phosphatases to which Rtrl bears no structural
homology.

Materials and methods

Protein expression and purification

Saccharomyces cerevisiae (Sc) and Kluoverymyces lactis (KI) Rtrl proteins, and human
RPAP2 (1-189) were cloned into a modified pET-28a (Novagen) vector with a Protein G B1
domain (GBL1) fused to the N-terminus to facilitate expression. Plasmids encoding the gene
were transformed into Rosetta DE3 E. coli, shaken at 37°C until induction with IPTG and
expressed overnight at 18°C. Cells were harvested the next morning and resuspended in
lysis buffer (50mM HEPES pH7.5, 200mM NaCl, 30mM imidazole, 5mM BME), lysed by
sonication and cleared by high-speed centrifugation. Lysate was applied to a HisTrap
column (GE Healthcare) equilibrated in lysis buffer. Bound protein was eluted from the
column by a linear gradient against elution buffer (lysis buffer + 500mM imidazole).
Protein-containing fractions were pooled and placed into dialysis buffer (20mM HEPES
pH7.5, 100mM NaCl, 5mM BME); TEV protease was incubated overnight to remove the
His-GBLl tag.

Dialyzed material was collected and re-applied to a HisTrap column equilibrated in dialysis
buffer to remove the tag, TEV protease, and any uncleaved protein. Prior to applying the
protein to the gel filtration column, 10mM EDTA was added to the protein to remove any
residual divalent metals that may have co-purified with the protein. After incubation with
EDTA, the protein was applied to a Superdex 75 (GE Healthcare) equilibrated in storage
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buffer (dialysis buffer but 5mM DTT substituted the BME). The protein eluted at a volume
consistent with a monomer. Protein-containing fractions were concentrated to 10-20mg/mL
(as determined by both Bradford assay and absorbance at 280nm) and flash frozen using
liquid nitrogen. For the KIRtrl NTD construct, the protein was only concentrated to
~2mg/mL, due to more limited solubility before storage.

For expression in insect cells, KIRtrl was expressed as a GST fusion protein in Hi5
monolayer insect cells and immobilized using glutathione affinity chromatography (GE
Healthcare) using GST lysis buffer containing 40mM HEPES pH7.5, 250mM NaCl, 2mM
EDTA, 2mM DTT. After extensive column washing, protein was eluted from the column
using GST lysis buffer supplemented with 10mM reduced glutathione. The GST tag was
cleaved with TEV protease and the protein was placed into dialysis buffer. Uncleaved
protein and free GST tag was then removed by another pass over glutathione beads, and then
concentrated and loaded onto a Superdex 75 (GE Healthcare) equilibrated in storage buffer.
Eluted protein was then concentrated and flash frozen in liquid nitrogen for future use.

Point mutants were generated using the QuikChange kit (Stratagene). Internal deletions were
generated by using overlap extension PCR. All mutants were verified by sequencing.
Expression and purification of the mutants were done exactly as for the wild type protein.

preparation and experiments

NMR samples were prepared by growing Rosetta DE3 transformed with ScRtrl in M9
minimal media supplemented with 0.5 g/L. 15NH,4CI, 2 g/L 13C-glucose and 0-100% D,0
(Sigma-Aldrich) as needed. Selective methyl labeling of ILV residues was done as
described35. Samples were purified as described above, but the final storage buffer was
different (20mM Bistris pH6.5, 50mM NaCl, 2mM DTT).

NMR spectra were recorded at 298K on Bruker Avance 600 and Avance 800 spectrometers
equipped with triple-resonance cryoprobes and pulse field gradients. Data were processed
with NMRpipe36 and analyzed with CCPNMR37. Rtr1 backbone assignments were obtained
using TROSY, trHNCA, trHN(CO)CA, trHN(CO)CACB, trHNCACB, trHNCO and
trHN(CA)CO spectra on a 1°N, 13C, 2H labeled protein in 90% H20, 10%D20. Methyl
assignments of ILEs, LEUs and VALSs were obtained using (H)CC(CO)NH and H(CC)
(CO)NH spectra recorded on perdeuterated Rtrd retaining H, 13C labels at the ILV methyl
positions.

Crystallization, data collection, structure determination and refinement

Initial crystals of KIRtrl were obtained by adding trypsin (Sigma) to full-length protein at a
ratio of 1:10000 w/w and incubating for 30 minutes at room temperature prior to setting up
drops. Crystals were obtained by hanging drop by mixing one volume of sample with an
equal volume of precipitant (0.1M Bicine pH8.5, 10-20% MPD) at 4°C. Crystals appeared
in ~2 days and matured to final size after a week. Crystals were cryoprotected by mother
liquor supplemented with 30% MPD, flash frozen in liquid nitrogen and harvested for data
collection.
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All datasets were collected at the Advanced Light Source at the Lawrence Berkeley National
Laboratory at beam lines BL5.0.1, 5.0.2 and 5.0.3. Datasets were indexed, integrated, and
scaled with the HKL.2000 package38. Initial phases were determined from a SAD dataset
using a single SeMet derivatized crystal. The SAD dataset was collected at BL5.0.1 at a
wavelength of 0.98A and phases were determined by the Solve/Resolve program 39. Initial
model building and refinement were done by Coot and CNS#041,

Using the initial model as a template, we re-crystallized KIRtrl NTD in similar conditions
and obtained phases using the SeMet model as a molecular replacement solution. Final
model building and refinement were done on this construct using Coot and Refmac5 as part
of the CCP4 package*2. The final model had 97.8% of all residues in the favored region of
the Ramachandran plot, and 2.2% in the allowed region.

Crystals of full length ScRtrl were obtained using one volume of reductively methylated
protein 43 with one volume of precipitant (0.04M Bicine pH8.5, 150mM LiCl, 20mM
hexammine cobalt(111) chloride, 22-30% MPD). Crystals were cryoprotected with mother
liquor +35% MPD and flash frozen in liquid nitrogen prior to data collection. The best
crystals diffracted to 4A at the Advanced Light Source. Phases were obtained by molecular
replacement using our KIRtrl NTD structure as a search model.

Phosphatase assays

Steady state Kinetic assays were performed with varying concentrations of DiFMUP (Life
Technologies) and 10uM KIRtrl (various constructs as described in the text) in 50mM MES,
pH 5.5 at 30°C. Monitoring of product formation was observed by either extracting aliquots
of the phosphatase reaction at fixed time points and quenching with Biomol Green reagent
(Enzo Sciences), or by continuous observation of fluorescence emission spectra at a
wavelength of 450nm. Product formation/phosphate release was determined by comparison
against a standard curve of either DiFMU or phosphate. All experiments were done in
triplicate, and data were analyzed and fit to the Michaelis-Menten equation using GraphPad
Prism.

IC5q experiments were performed using sodium orthovanadate (New England Biolabs) and
B-glycerophosphate (Sigma-Aldrich) as inhibitors. Data were plotted and analyzed using
GraphPad Prism. Inhibition constants (K;) were determined by converting I1Csq values using
the Cheng-Prusoff equation.

In vivo experiments

All yeast strains used in this study were derived from BY4741. To create Rtrl mutant
strains, a RTR1 fragment (-266 to +678) was amplified from BY4741 yeast genomic DNA
and cloned into pBS1539 to create RTR1-TAP#. Mutant plasmids were created by site
directed mutagenesis. Yeast strains were created by transforming BY4741 with a PCR
product amplified from wild type or mutant RTR1-TAP plasmids and selecting
transformants on complete synthetic media lacking uracyl. Expression of the mutant
constructs was confirmed by western blotting. For the growth assays, 5-fold serial dilutions
of yeast were spotted on YPD or YPD + 2% form amide as previously described??.
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GST-CTD phosphatase reactions

GST-CTD phosphatase reactions were performed as previously described?0. Briefly,
purified recombinant GST-CTD was phosphorylated in vitro by TFIIH and/or Abl kinase in
the presence of ATP. Unreacted ATP was removed by gel filtration. For each phosphatase
reaction, approximately 5pmol of modified GST-CTD was used as a substrate in the
presence of increasing concentrations of KIRtr1 as indicated. Reactions were quenched with
2X SDS-PAGE loading buffer followed by western blot analysis using the CTD
phosphorylation antibodies described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rtrl is an active phosphatase
a) Crystal structure of KIRtrl NTD (left, cyan). The dotted line outlines a flexible loop

unseen in the electron density maps. The previously reported crystal structure KIRtrl’s NTD
(PDB 4FC8) is shown on the right (yellow); an overlay of both structures is in the center.

b) Purification scheme adopted in this study to obtain active recombinant Rtrl; the
determining step in the purification is highlighted in red.

¢) Steady state phosphatase assays (n = 3) (with DiFMUP substrate) performed using KIRtr1
proteins (10uM) obtained from both purification schemes (+EDTA in black, ~-EDTA in red),
and the E66Q mutant (blue).

d) Inhibition experiments (n = 3) performed using 10uM KIRtrl and 1mM DiFMUP against
two traditional competitive phosphatase inhibitors (vanadate in blue, BGP in red).

e) Sequence alignment of Rtrl (numbering based on K. lactis) across yeasts and vertebrates
highlighting the strictly conserved Glu66 residue (asterisked).

f) Fitness of yeast cells lacking either Rtrl and/or its paralog Rtr2 at 37°C. A single activity
disrupting mutant (E66A) was integrated into the chromosomal Rtrl locus with a URA3
marker for selection. The phenotypes observed with the single mutant are comparable to
those observed when the Rtrl protein is deleted.
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Figure 2. The N-terminal domain of Rtrl is the functional phosphatase domain
a) Domain breakdown of Rtrl in yeasts and vertebrates. Yeast Rtrl proteins are smaller

proteins with conserved N-terminal (NTD) and C-terminal domains (CTR). Vertebrate Rtrl
(RPAP2) proteins are typically larger with the only conservation to yeast Rtrl proteins
found within the NTD.

b) Steady state phosphatase assays (n = 3) of KIRtr1 against DiFMUP for full-length (black),
NTD (blue), and CTR (red) (10uM protein, all constructs). The full-length curve is derived
from the dataset used in Fig. 1C.

c) Steady state phosphatase assays (n = 3) of hRPAP2 NTD (red) (10uM) against DiFMUP.
KIRtrl NTD (from Fig. 2B) is shown as a comparison.
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Figure 3. Yeast Rtrl proteins are auto-inhibited by the C-terminal region
a) NOE connectivities between residues in the CTR of ScRtrl to residues in the NTD (left

panel). The equivalent residues within the NTD that the CTR makes contacts with are
highlighted in orange on the crystal structure of the K. lactis protein, and indicated in
numbers. The invariant Glu66 residue is highlighted in red.

b) Sequence alignment of Rtrl (numbering based on K. lactis) across yeasts and vertebrates,
focusing on the extreme C-terminus of the protein. Glul197 is asterisked.

c) Steady state phosphatase assay (n = 3) against DiFMUP of KIRtr1 E197Q (red) compared
with full-length protein (black) and with the NTD phosphatase domain (blue). Curves for
full-length and NTD are derived from Fig. 1C and Fig. 2B respectively.

d) Cartoon illustration of the regulation of Rtrl activity by its C-terminus. Zinc is shown as a
grey sphere and the structurally dynamic loop is shown as a dashed line. Glu66 is denoted
by a red line on the same face as the active site forming loop. The CTR weakly interacts
with the NTD in the absence of a metal, as shown by the dashed lines; among interacting
residues is the critical Glu197 necessary for regulation.

J Mol Biol. Author manuscript; available in PMC 2015 August 12.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Hsu et al.

Page 18
43 B TFIIH medified TFIIH + Abl kinase
?.
»x
> o KIRtr1 KIRir1
a o
%‘?9 BN &
«-éo «9@ «'c’/\o
e & & anti-SersP
anti Tyr1-P
anti-Ser2P
. [— anti Ser2-P anti-Ser7P
anti-GST
L]
- anti Ser5-P
anti-Tyr1P
' short exposure
S y— ‘ anti Serf-F anti-Tyr1P

Percent Maximum (n=3, Phospha/GST) O

long exposure

0.8 I

06

04

0.2 +

0 T T

Tyri-P Ser5-P  Ser2-P
TFIIH TFIIH TFIH

T T T T T

Ser7P  Tyrl-P  Ser5P  Se-P  SerfP
TFIH  TFIH+Abl TFIH+Abl TFIIH+Abl TFIIH+ADI

—

Figure 4. Rtrl is a dual specificity phosphatase that acts both on Ser5 and Tyrl
a) TFIIH efficiently phosphorylates the GST-CTD. With the exception of the anti-Ser7P

antibody, all antibodies used recognize only the phosphorylated form of the CTD.

b) GST-CTD phosphorylated with either purified TFIIH (left) or TFIIH/AbI kinase (right)
were used as substrates for KIRtrl. Reaction products were separated by SDS-PAGE and
then western blots were then probed with antibodies against Ser2, Ser5, Ser7, and Tyrl. Two
exposures for Tyrl are shown for clarity.

¢) Quantitation of phospho-signals from the Ser2P, Ser5P, Ser7P, and Tyr1P blots (n = 3) on
GST-CTD modified by TFIIH or TFIIH plus Abl kinase.
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Figure 5.
A model for Rtr1’s role in the transcription cycle. Phosphorylation of Ser5 on the CTD at

the start of transcription facilitates the recruitment of the mRNA capping complexes (top).
As the polymerase moves into elongation and termination modes, the CTD is highly
phosphorylated by multiple kinases, including an as of yet identified Tyr1 kinase. Rtrl
becomes active against Ser5P during the elongation phase (bottom) of transcription due to
the recognition of an as-of-yet determined CTD code. The Tyrl marker is heavily
phosphorylated during elongation and is also a target for dephosphorylation by Rtr1.
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Table 1

Crystal data collection and refinement statistics

KIRtrl SeMet

KIRtrl NTD native?

ScRtrl full-length

Data collection

Space group P2,2,2,
Cell dimensions
a, b, c(A) 45.39, 103.35, 105.39
a, By () 90, 90, 90
Resolution (&) 50-3.19 (3.30-3.19)P
Rsym OF Rinerge 0.097 (0.620)
I/ol 25.0 (3.9)
Completeness (%) 99.9 (100.0)
Redundancy 13.4 (12.1)
Refinement

Resolution (A)
No. reflections
Rwork/Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P212,2;

43.27, 88.92, 102.49
90, 90, 90

50-2.06 (2.10-2.06)
0.069 (0.612)

36.2 (3.1)

99.9 (100.0)
5.6(4.8)

44.44-2.10
22581
0.202/0.253

2,355
2
137

46.3
35.7
64.7

0.018
2.015

P2,3

170.75, 170.75, 170.75
90, 90, 90

50-4.00 (4.07-4.00)
0.101 (0.540)
24.4(3.9)

100.0 (100.0)

11.0 (11.2)

Page 20

a : . . . . ] . .
Crystals were grown from an enzymatically active protein preparation. Final structure refinement was executed on an active protein sample.

b . - . .
Values in parentheses indicate highest-resolution shell.

J Mol Biol. Author manuscript; available in PMC 2015 August 12.



Hsu et al. Page 21

Table 2

Steady state kinetic parameters of Rtrl assayed against the synthetic substrate DiFMUP.

Rtr1 construct Km (LM) Keat 57
Wild-type KIRtrl FL 587 70 0.0010 + 0.00003
Wild-type KIRtrl NTD | 694 + 74 0.0015 #+ 0.00005
KIRtrl CTR Not detectable | Not detectable
KIRtrl FL E66Q Not detectable | Not detectable
KIRtrl FL E197Q 529 * 45 0.0016 + 0.00004
hRPAP2 NTD 1668 + 205 0.0005 + 0.00003
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