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ABSTRACT

The CST (CTC1-STN1-TEN1) complex mediates crit-
ical functions in maintaining telomere DNA and
overcoming genome-wide replication stress. A con-
served biochemical function of the CST complex is
its primase-Pol o (PP) stimulatory activity. In this
report, we demonstrate the ability of purified hu-
man STN1 alone to promote PP activity in vitro. We
show that this regulation is mediated primarily by
the N-terminal OB fold of STN1, but does not re-
quire the DNA-binding activity of this domain. Rather,
we observed a strong correlation between the PP-
stimulatory activity of STN1 variants and their abil-
ities to bind POLA2. Remarkably, the main binding
target of STN1 in POLA2 is the latter’s central OB
fold domain. In the substrate-free structure of PP, this
domain is positioned so as to block nucleic acid en-
try to the Pol « active site. Thus the STN1-POLA2
interaction may promote the necessary conforma-
tional change for nucleic acid delivery to Pol « and
subsequent DNA synthesis. A disease-causing mu-
tation in human STN1 engenders a selective defect
in POLA2-binding and PP stimulation, indicating that
these activities are critical for the in vivo function of
STN1. Our findings have implications for the molecu-
lar mechanisms of PP, STN1 and STN1-related molec-
ular pathology.

INTRODUCTION

Telomeres, the nucleoprotein assembly at the ends of eu-
karyotic chromosomes, are critical for maintaining genome
stability; they protect the chromosome ends from degrada-
tion, end-to-end fusion and other abnormal reactions (1-3).
In most organisms, telomeric DNA consists of short repeats
that are rich in G and C residues on the 3’ and 5'-end bearing
strands, which are accordingly designated as the G- and C-
strand, respectively. Owing to the end replication problem

(4), the maintenance of telomere DNA through rounds of
cell division requires not only semi-conservative DNA repli-
cation, but also extension of the terminal repeat tracts. The
extension of the G- and C-strands of telomere tracts are ex-
ecuted sequentially by the telomerase and the primase-Pol
o (PP) complex; telomerase lengthens the G-strand through
reverse transcription of an integral RNA template subunit
(5-8), whereas PP ‘fills in’ the C-strand by copying the ex-
tended G-tail (9-11).

A major regulator of telomere DNA synthesis is the CST
(CTCI1-STNI-TENI1) complex, a conserved G strand-
binding complex that modulates the activities of both
telomerase and PP (12-14). CST is notable for its struc-
tural resemblance to replication protein A (RPA) (15,16),
a genome-wide replication and repair complex that coats
single stranded DNA promiscuously. However, unlike RPA,
CST has more dedicated functions at telomeres. In partic-
ular, a deficiency in CST subunits causes prominent defects
in both telomere replication and telomere C-strand fill-in
synthesis (17-22). Depletion of CST also impaired cellular
recovery from replication stress, suggesting an additional,
non-telomeric function (18). Indeed, a recent report sug-
gests that CST promotes recovery from replication stress,
especially at GC-rich loci, by recruiting RADS1 to stabilize
stalled forks and promote fork restart (23). The physiologic
importance of CST is underscored by both murine models
of CST deficiency and human diseases. For example, CTC1-
null mice manifest global cellular proliferative defects and
die prematurely from complete bone marrow failure (17). In
addition, mutations in CTC1 and STN1 have been shown to
cause Coats plus syndrome, which is characterized by neu-
rologic defects and telomeropathy phenotypes such as bone
marrow failure and liver fibrosis (24,25).

Biochemical and structural analyses of the CST complex
have revealed multiple activities that presumably under-
pin its cellular functions. These include binding to single-
stranded telomeric and non-telomeric DNA (26-28), stim-
ulation of PP (29,30), inhibition of telomerase (31) and in-
teraction with telomeric proteins (31,32). The molecular
bases of these activities and their relationships to the cel-
lular functions of CST remain incompletely understood. In
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this regard, it is worth noting that a recent characterization
of a STN1 mutant with reduced DNA-binding activity re-
vealed selective defects in telomere duplex replication and
resolution of replication stress, but not other functions of
CST, providing an illustration of the intricate relationship
between the biochemical activities of CST and its cellular
functions (27). Among the unresolved issues, the molecular
mechanism by which CST stimulates PP is of particular in-
terest. This stimulatory activity is likely to account for the
ability of CST to promote C-strand synthesis and telomere
replication. Yet the physical interactions between PP and
CST subunits have not been delineated, and whether the
DNA binding activity of CST plays a role in this stimulation
is also unclear.

Studies of CST mechanisms have been hampered by dif-
ficulties in isolating adequate quantities of the complex for
detailed biochemical investigations. We recently overcame
this obstacle by obtaining high levels of CST from Can-
dida glabrata (26). Using fungal proteins, we demonstrated
that CST stimulates DNA synthesis by enhancing both the
RNA priming and primase-to-polymerase switch steps of
the PP reaction (30). In addition, we found that the stim-
ulatory activity is mediated primarily by the Stnl subunit,
and that this subunit makes multiple, functionally impor-
tant contacts with the Poll2 subunit of PP. Poll12, one of
the four subunits of PP, is often referred to as the regulatory
subunit of Pol «, and is named POLA?2 or p70 in mammals.
In the current study, we extend our analysis to the equiva-
lent human proteins and showed that similar to fungi, hu-
man STNI alone can enhance the activity of human PP.
We mapped the stimulatory activity of human STNI1 to its
N-terminal OB fold domain, but showed that the DNA-
binding activity of this domain is not required. Rather, we
observed a strong correlation between the PP-stimulatory
activity of STN1 variants and their abilities to bind POLA2
(the Pol12 ortholog in mammals). Interestingly, the target
of STN1-binding in POLA?2 is another OB fold domain, un-
derscoring the versatility of this motif in mediating protein—
protein interactions. A disease-causing mutation in human
STNI1 engenders a selective defect in POLA2-binding and
PP stimulation, suggesting that these activities are critical
for the physiologic function of STNI1. Our findings estab-
lish a conserved mechanism for PP stimulation by STNI,
and reveal an unexpected similarity between the regulation
of telomere G- and C-strand extension.

MATERIALS AND METHODS
Preparations of proteins

The PP complex was obtained by mixing separately puri-
fied two-subunit primase and two-subunit polymerase. The
two-subunit polymerase was expressed and purified from
High Five insect cells by a combination of Q-Sepharose,
FLAG affinity chromatography and glycerol gradient (33).
The two-subunit primase was produced in Escherichia coli
using the pET-Hp48-HisHp58 expression construct and pu-
rified via Ni-NTA chromatography and glycerol gradient
(34).

STNI1F (amino acid 1-368), STN1IN (1-190) and STN1C
(191-368) with C-terminal FLAG or Strep tag were gener-
ated by polymerase chain reaction (PCR) and cloned down-

stream of the T7 promoter and the Hisg-SUMO tag in
the pSMT?3 vector. Each protein was expressed in BL21-
CodonPlus E. coli and purified by Ni-NTA chromatogra-
phy as previously described (30,35). In some cases, the pro-
teins were further processed by ULP1 cleavage (to remove
the His-SUMO tag), and finally FLAG or Strep-Tactin
affinity chromatography. The FLAG purification step was
performed as before (30). For Strep-Tactin chromatogra-
phy, the ULP1 treated fraction was supplemented with 1,/20
vol. of 1M Tris—HCI, pH 8.0 and then applied to a column
pre-equilibrated in buffer W (100 mM Tris, pH 8.0, 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10%
glycerol). After washing with five column volumes of buffer
W, the Strep-tagged protein was eluted with buffer W con-
taining 7 mM desthiobiotin. Peak protein fractions were
pooled and used directly in various biochemical assays. The
concentrations of the purified proteins were all estimated by
comparing their Coomassie staining intensities to a stan-
dard curve of specified quantities of bovine serum albumin
(BSA). The RPA complex (gift of the Hurwitz lab) was pu-
rified as previously described (36). RPA2-Strep was isolated
using exactly the same protocol as that for STN1-Strep. To
generate the STN1-Strep/GST-TENI complex, the TEN1
open reading frame was cloned into pGEX-6P1 and the re-
sulting construct co-transformed with pSMT3-STN1-Strep
into BL21-CodonPlus E. coli. Following protein induction
and extract preparation, the STN1/TENI complex was pu-
rified by Ni-NTA chromatography, ULP1 cleavage and glu-
tathione chromatography.

To express FLAG3-tagged POLA2 variants, we first mod-
ified the pSMT3 vector by inserting a FLAGj tag between
the Notl and Xhol site of pSMT3 to give pPSMT3-FLAG:;.
Full length POLA2 or truncation variants (including 1-
334, 1-414, NTD (1-154) and OB (204-334)) were then
generated by PCR and cloned in between the BamHI and
Notl site of pMST3-FLAGs;. As in the case of STN1 fusion
proteins, the His-SUMO-POLA2-FGs; fusion proteins were
expressed in BL21-CodonPlus E. coli and purified by Ni-
NTA. Following ULPI cleavage, the samples containing a
mixture of His-SUMO and POLA2-FGj proteins were used
directly as inputs for pull down analysis.

Primase-Pol « activity assays and product analysis

Unless otherwise indicated, the coupled primase-
polymerase assays were performed in 20 pl volume
containing 40 mM Tris—HCI, pH 7.6, 30 mM potassium
acetate, 13 mM Mg acetate, 5 mM dithiothreitol, 0.05
mM EDTA, 5% glycerol, 0.1 mg ml~! BSA, ~1-2 nM PP,
variable concentrations of STN1, 0.15 wM poly-dT (~300
nt long, from Midland Certified Reagent Company, Inc.),
2 mM adenosine triphosphate (ATP) and 7.5 pM dATP
(containing 5 wCi/nmole P3>-dATP). After incubation at
32°C for 60 min, reactions were treated with 100 w1 STOP
solution (20 mM Tris—-HCI, pH 8.0, 20 mM EDTA) and
100 w1 proteinase K solution (10 mM Tris—HCI, pH 8.0,
0.5% sodium dodecyl sulphate, 0.15 mg/ml proteinase
K), and incubated at the same temperature for 30 min.
The products from the assays were recovered by ethanol
precipitation in the presence of 2.5 M ammonium acetate,
15 pwg/ml glycogen and 15 pg/ml tRNA. The samples



were dissolved in 90% formamide, 20 mM EDTA, 1 mg/ml
xylene cyanol and 1 mg/ml bromophenol blue, boiled for
5 min and then applied to a 13% acrylamide/7M urea/1X
Tris/Borate/EDTA (TBE) gel. The gels were dried and
exposed to a Phosphor screen, and the signals analyzed
using the ImageQuant software. Only discreet RNA-DNA
chimeras in the 10-30 nt size range were included in the
quantification of activities. One unit of activity is defined
as that generated by PP alone in the standard assays. Sta-
tistical significance of the difference in activities between
wild-type STNIN and mutants was determined using
two-tailed z-test (GraphPad Prism).

To test the effect of STN1 on primase activity only, the
primase reaction was performed with or without STN1 us-
ing 2 mM unlabeled ATP as the only nucleotide. The re-
actions were extracted with phenol/chloroform/isoamyl al-
cohol, and the DNA template/RNA primer mix were then
recovered and subjected to extension using just the two sub-
unit Pol a (i.e. POLA1 and POLA?2) in the presence of P3-
dATP. To test the effect of STN1 on just the DNA poly-
merase activity, we used poly-dT/rAjy (150 nM poly-dT
and 450 nM rA o (purchased from IDT)) as the pre-primed
substrate and labeled dATP as the sole nucleotide.

Analysis of STN1-POLA2 interaction

Purified STN1-Strep proteins and POLA2-FG; proteins
were used for interaction analysis using Strep-Tactin beads.
Wild-type full length STN1, STNIC, STNIN as well as
STN1 mutants were individually bound to equilibrated
Strep-Tactin beads (300 pl of 0.1 wg/pl protein per 30 wl
beads) at 4°C for 2 h. The samples were spun down at 4000
rpm for 30 sec and the supernatant was discarded. The
beads were further washed 3-4 times with Buffer W (100
mM Tris—=HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 10%
Glycerol). A total of 180 pg of POLA2 fragments were next
added to STN1-bound Strep-Tactin beads at 0.3 pwg/wl, and
the NaCl concentration of the mix adjusted to 160 mM. The
binding was allowed to proceed at 4°C for 2 h, followed by
washes using Buffer W containing 160 mM NaCl and sup-
plemented with 0.1% NP-40 and 2.5 mM MgCl,. The pro-
teins were eluted in 3x bed volume buffer W containing 5
mM d-Desthiobiotin. The samples were analyzed by 10%
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and western blot to detect POLA2 (anti-
FG antibody) and STN1 (anti-Strep antibody). Relative
binding was expressed as the ratio of POLA2 to STNI sig-
nals in the elution samples (normalized to the value for
wild-type STNIN). Statistical significance of the difference
in relative binding was determined using two-tailed z-test
(GraphPad Prism).

STN1-DNA crosslinking assays

Crosslinking reactions (26) were conducted in 13 wl mix-
tures that include 50 mM Hepes-NaOH, pH 7.5, 10% glyc-
erol, 50 mM NaCl, 2 mM Mg-acetate, | mM DTT, 2 nM
5" P32-]abeled oligonucleotide containing a single Iodo-dU
substitution (~50 000 ¢.p.m.), and indicated concentrations
of STNI1. The binding was allowed to proceed at 22°C for 10
min, followed by 20 min of UV irradiation (Model UVM-
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57, UVP Inc.) on ice. The covalent conjugates were sepa-
rated in SDS-PAGE (10%) and detected by Phosphorlm-
ager analysis.

RESULTS

Human STNI1 alone stimulates the synthesis of RNA-DNA
chimeras by human primase-Pol o (PP)

Because C. glabrata Stnl alone was sufficient to stimulate
the cognate PP activity in vitro, we tested human STNI for
a comparable activity, and found that it, too, can enhance
the synthesis of RNA-DNA chimera by human PP (Figure
1A and B). The magnitude of stimulation is positively cor-
related with STN1 concentration, and the stimulation can
be observed on both the poly-dT and telomere G-strand
templates (Figure 1B and C). Notably, in the previous C.
glabrata study, we utilized a His-SUMO-Stn1 fusion protein
(30). In the current work, we were able to remove the His-
SUMO tag by ULPI1 cleavage, and further purify human
STNI1 through either a C-terminal FLAG or C-terminal
Strep-tag 11 tag. The different variants of STNI fusion pro-
tein behave similarly in the PP stimulation assays, indicating
that the stimulatory activity was not dependent on the tags
(Figure 1D).

Previous analysis of C. glabrata CST indicates that while
the complex can significantly enhance the synthesis of
RNA-DNA chimera in a coupled primase-polymerase as-
say, it has only a modest effect on the isolated primase activ-
ity and no effect on the uncoupled, pre-primed DNA poly-
merase activity (30). We interpret the results to mean that
the complex primarily affects the primase-to-polymerase
switch. Notably, all of these earlier assays were performed
using the four-subunit C. glabrata PP holoenzyme. Because
in the current study, we purified the two-subunit human pri-
mase and two-subunit human polymerase separately, we are
able to analyze the effects of STN1 on the isolated sub-
assemblies. Similar to the findings in C. glabrata, we ob-
served only small effects of STN1 on these isolated enzyme
activities (i.e. ~30% increase in primase activity and no in-
crease in DNA polymerase activity), suggesting that STN1
affects primarily the coupling between primase and poly-
merase (Supplementary Figure SIA and B).

STNI is part of the CST complex in mammalian cells.
We sought to compare the stimulatory activity of STNI to
that of the full CST complex, but were unable to express
and purify adequate amounts of the latter for this analy-
sis. However, we were successful at preparing high levels of
STNI1-TENI, and found that this subcomplex stimulated
PP to the same extent as STN1 alone (Figure 1D). Thus,
TENI1 evidently does not affect the stimulatory activity of
STNI1 on PP in vitro.

CST exhibits structural similarity to RPA, especially in
regard to the STNI1-TEN1 and RPA2-RPA3 subcomplex.
RPA has also been reported to modulate Pol a activity in a
variety of assays. Interestingly, we found that in our stan-
dard assay, while RPA inhibited the synthesis of RNA-
DNA chimera, RPA2 alone has a stimulatory effect (Figure
1E). RPA2 may thus have a STN1-like stimulatory activity
that is normally masked by the rest of the RPA complex.
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Figure 1. Human STN1 stimulates the synthesis of RNA-DNA chimera by Primase-Pol «; the effects of STN1, STN1-TENI and RPA on PP activity (A)
Human STN1s (FL, N and C) purified by two-step affinity chromatography (Ni-NTA and Strep-Tactin) were analyzed by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). (B) Human PP (1.25 and 2.5 nM) was tested in the coupled primase-polymerase assay using poly-dT
as template in the presence of 0.17, 0.5 and 1.5 uM of full length STN1-Strep (STN1F-Strep). (C) Human PP (2.5 nM) was assayed for the synthesis of
RNA-DNA chimera using the indicated G-strand templates in the absence or presence of Strep-tagged or FLAG-tagged STNI1 (1 uM). (D) Human PP
(1 nM) was assayed for the synthesis of RNA-DNA chimera using Poly-dT template in the presence of two different concentrations (0.5 and 1.5 pM)
of STNI1-Strep, STN1-FLAG or STN1-Strep/GST-TEN1 complex. (E) Human PP (2 nM) was assayed for the synthesis of RNA-DNA chimera using
Poly-dT template in the presence of increasing concentrations of STN1-Strep (0.16, 0.5 and 1.5 uM) or RPA (0.053, 0.16 and 0.5 nM). In the right panel,
0.5 and 1.5 uM RPA2-Strep was added to the PP reaction.



The PP-stimulatory activity of STN1 resides mostly in its N-
terminal OB fold domain, and is impaired by selective point
mutations in this domain

Human STNI1, like most other STN1 family members, con-
sists of an N-terminal OB fold domain and a C-terminal
winged helix domain. We purified and tested each domain
(named STNIN and STN1C) in PP stimulation assays, and
detected a strong activity in the N-terminal domain only.
Like the effects of full length protein on PP, those of the
N-terminus OB fold are concentration dependent (Figure
2A and B), and can be observed on both poly-dT and G-
strand templates (data not shown). Because we have demon-
strated earlier that full length human STNI can stimulate
the C. glabrata PP complex (30), we also tested the N and
C-terminus of human STNI in this ‘heterologous’ assay
(Supplementary Figure S2). Consistent with findings in the
‘purely human’ assay system, the N-terminus exhibited a
weak stimulatory activity, whereas the C-terminus alone is
largely inactive. Thus, the OB fold of STNI1 is likely to en-
hance PP activity by employing a conserved structural fea-
ture.

Several point mutations in the OB fold of STNI have
been previously reported to affect its cellular function
or biochemical activities. Specifically, the R135T and
DI157Y mutations are found in Coats plus patients, and
a W89A/R139L/Y141A triple mutation (OBM) impairs
the DNA-binding activity of the CST complex (25,27).
We therefore purified STNIN-Strep bearing the disecase
mutations and a slight variant of the OBM mutations
(W89A/R139A/Y141A, named OBM-2), and analyzed
their ability to stimulate PP in vitro (Figure 2C and D).
For comparative purposes, we also tested a R135W mu-
tant in which the basic R135 was substituted by the aro-
matic Trp rather than the hydrophilic Thr. Interestingly, the
R135T mutation reduced the stimulatory activity by 2-fold;
the R135W and OBM mutations had no effect, whereas
DI157Y enhanced the stimulatory activity (Figure 2D and
E). The different effects of mutations, which map to differ-
ent surfaces of STN1 (Figure 2F), suggest that PP stimula-
tion may require an interaction mediated by just one face of
the protein.

The OB fold domain of STN1 binds directly to the POLA2,
the regulatory subunit of human Pol «

In our previous analysis of C. glabrata Stnl, we showed that
this protein forms a stable complex with the Pol12 subunit
of PP. To determine if this is true for the human homologs,
we first co-expressed SUMO-STN1-Strep and His-SUMO-
POLA2-FLAG fusion proteins in E. coli, and then used
sequential affinity chromatography to assess complex for-
mation. Notably, following Ni-NTA purification and ULP1
cleavage, we observed co-elution of POLA2-FLAG with
STN1-Strep in the subsequent Strep-Tactin chromatogra-
phy step, indicating the two proteins bind to each other
(Figure 3A-C).

To further analyze the interaction between STN1 and
POLA2, we sought to develop an in vitro pull down as-
say using purified proteins. However, while STN1 can be
expressed and purified as an individual polypeptide, full
length POLAZ2 is severely proteolyzed when expressed in
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the absence of STN1. Nevertheless, using the pool of trun-
cated POLA2 in pull down assays, we were able to detect
specific binding of STN1-Strep to N-terminal POLA?2 frag-
ments that are more than ~320 amino acid long (Figure
3D). (Note that the minimal His-SUMO-tagged POLA?2
protein that can bind STN1-Strep is about 58 kDa, imply-
ing that the minimal POLA2 fragment is about 42 kDa,
given the apparent His-SUMO mobility in SDS-PAGE of
16 kDa). The absence of shorter fragments in the pull down
samples suggests that the OB fold domain of POLA2 (span-
ning amino acids 210-320) is required for binding STNI1
(see (37) for the domain organization of POLA?2). Based on
these initial assays, we experimented with several truncated
variants of POLA2, and identified two variants (i.e. 1-334
and 1-414) that can be expressed in intact forms as His-
SUMO-POLA2-FGj; fusion proteins. We then partially pu-
rified these deletion mutants by Ni-NTA chromatography,
and subjected them to ULP1 cleavage followed by pull down
using STN1-Strep as the bait. Notably, the 1-334 and 1-414
fragments of POLA2 can each be specifically retained by
and eluted from STN1-Strep-coated resin but not control
resin, indicating that they bind specifically to STN1 (Fig-
ure 3E). Likewise, STN1-Strep can be specifically retained
on FLAG beads coated with POLA2; 334-FG3 (Supplemen-
tary Figure S3A). Because both truncated forms of POLA2
lack the C-terminal PDE (phosphoesterase) domain, this
domain is evidently not required for STN1 interaction.

The PP stimulatory activities of STN1 variants correlate with
their POLA2-binding, but not DNA-binding activities

Next we tested the binding of POLA2; 414 to individual do-
mains of STN1. Interestingly, the binding of POLA2; 414 to
the OB fold domain is consistently stronger than that to the
full length protein, whereas the binding to the winged helix
domain is just slightly above background (Figure 4A-C).
Thus, both the PP stimulatory and POLA2-binding activ-
ities of STN1 appear to reside primarily in the N-terminal
OB fold structure. Moreover, the effects of OB fold point
mutations on its binding to POLA2; 414 are quite similar to
those on PP stimulation, with the R135T mutant showing
a significant reduction in binding and the D157Y mutant
showing an increase in binding (Figure 4B and C). These
results suggest that the PP stimulatory activity of STNI1 is
likely to be mediated at least in part through STN1-POLA?2
interaction. In support of this idea, we found that both
STNI1-TEN1 and RPA2, which we showed to be compe-
tent in PP stimulation, were also able to bind specifically to
POLAZ2? (Figure 1D and E; Supplementary Figure S3B).
Another important function of the OB fold of STN1 is
binding to ssDNA. To examine the potential relationship
between DNA-binding and PP stimulation, we analyzed
the DNA-binding activities of STN1 variants using a pho-
tocrosslinking assay. As predicted, we found that both full
length STN1 and the OB fold domain (STNIN) can be
efficiently crosslinked to a single stranded oligonucleotide
bearing an lodo-dU residue following UV irradiation (Fig-
ure 5A). In contrast, little crosslinking can be detected for
the winged helix domain (STN1C). Consistent with previ-
ous findings, we found that the OBM mutations, which map
to the putative DNA-binding surface of STN1, drastically
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(0.17,0.5 and 1.5 puM) of STN1FE, STNIN and STN1C. (B) Total signal for each sample in the 10-30 nt product size range as determined by assays shown
in A were quantified from Phosphorlmger scans, normalized against the signal for the ‘no STN1’ sample and plotted. Data (averages & S.D.) are from
three independent experiments. (C) Purified STNIN and the R135T, R135W, D157Y and OBM mutants were analyzed on 10% SDS-PAGE along with
bovine serum albumin (BSA) standards (0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 pg). (D) Human PP (1 nM) was assayed using the poly-dT template in the presence
of wild-type or mutant STNIN (1.5 wM) as indicated. (E) The assays in D were repeated three times. The signals in each series of assays were normalized
against the ‘STNIN WT’ sample and plotted (average + S.E.M.). One unit was defined as the average activity of the ‘no STN1’ sample. Note that the
bar for D157Y is compressed so that the differences between other STNIN variants are better visualized. P-values as determined by two-tailed -test are
designated by asterisks as follows: ***: 0.05 > P > 0.01; ****: 0.01 > P. (F) Using the crystal structure of STNIN-TENI complex as template (PDB ID:
4J0OI), the STN1 residues mutated and analyzed in this study were mapped onto the STN1N OB fold using Pymol. Residues altered in the OBM-2 mutant
(shown in red) fall on the presumed DNA binding surface of STN1 based on analogy with RPA2. In contrast, the residues mutated in Coats plus (R135
and D157Y) fall on a different face of STN1.
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reduced the crosslinking efficiency of this domain (Figure
5B). In contrast, the disease related mutations either had no
effect (R135T and D157Y), or moderately reduced DNA-
binding (R135W) (Figure 5C). Importantly, the effects of
the mutations on DNA-binding do not parallel the effects
on PP stimulation or POLA?2 binding, indicating that these
activities of STN1 are separable. This conclusion is also
consistent with the physical locations of the disease and
DNA-binding mutations, which map to different faces of
STNI1 (Figure 2F) (38).

An OB-OB interface underlies the physical interaction be-
tween STN1 and POLA2

To define the minimal domain in POLA2 capable of bind-
ing STN1 OB fold, we further expressed POLA2nTp (amino
acids 1-154) and POLA2¢g (amino acids 204-334) based
on available structural information, and tested these frag-
ments for binding to STN1N. Consistent with earlier results
(see Figure 3D), we found that POLA2NTp is inactive in the
pull down assay (Figure 6A and B). In contrast, POLA2og

exhibited slightly greater binding to STNI1 than the larger
1-334 fragment (Figure 6A and B). Thus, the interaction
between STN1 and POLA?2 is mainly mediated by the two
OB fold domains within the respective proteins.

DISCUSSION

In the current study, we generalized our previous con-
clusions regarding the mechanisms of PP stimulation by
CST from the fungal proteins to the human homologs.
We showed that like its fungal ortholog, the isolated hu-
man STNI1 subunit alone is sufficient for stimulation, and
this stimulation is due primarily to an enhancement of the
primase-to-polymerase switch reaction. In addition, like
fungal Stn1, the stimulatory activity of human STN1 maps
mostly to its N-terminal OB fold domain. Moreover, this
stimulation is unrelated to STN1’s DNA-binding activity,
and instead mediated through its binding to the OB fold of
POLAZ2. The implications of these findings, as well as their
relationship to previous observations, are discussed below.
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unit of activity is defined as that generated by 2.3 M of the wild-type STNIN.

The initial biochemical characterization of CST purified
directly from mouse cells revealed complex effects of the na-
tive complex on priming and polymerization (29,39). Fol-
lowing the cloning of CST subunits, the activities of re-
combinant factors on PP were analyzed in two additional
studies. In one study, co-expression of CTC1 and STN1 fol-
lowed by affinity purification resulted in a preparation ca-
pable of stimulating RNA priming by the PP complex (28).
Notably, this stimulatory activity was reported to depend
on both CTC1 and STNI. In a second study, recombinant
CST was shown to stimulate DNA synthesis in Xenopus
extract on unprimed ssDNA template, but not on primed
template (40). Our results are generally in agreement with
these two studies, and the few potential discrepancies can all
be readily reconciled. For example, while our experiments
highlight the ability of STNI1 alone to stimulate PP, they
do not rule out a role for CTC1. In the budding yeast, be-
sides the Stn1-Pol12 interaction, another physical contact
between CST and PP has been identified between Poll and
Cdcl13 (equivalent to CTC1) (41). It is possible that a sim-

ilar interaction exists between the mammalian factors, al-
lowing for more efficient stimulation of PP by CST. Con-
sistent with this idea, we found that relatively high concen-
trations of STN1 (~0.5-1.5 wM) are needed to observe an
appreciable stimulatory effect. Second, in regard to the reac-
tion step simulated by CST, while both our C. glabrata and
human studies emphasize an effect of CST on the primase-
to-polymerase switch ((30) and the current study), we have
also shown a positive effect of the fungal CST on the prim-
ing step. Importantly, this positive effect was observed on
the full PP complex, whereas the smaller effect of human
STNI1 on priming was observed on the primase subcomplex
alone, which is known to adopt a different conformation in
the absence of the two polymerase subunits (42-44).

The binding of STN1 OB fold to POLA?2 is likely to be
conserved in evolution. Even though a previous two-hybrid
analysis failed to detect an interaction between Saccha-
romyces cerevisiae Pol12 and the N-terminus of Stnl (495),
such an interaction is supported by other studies (46). In
addition, we have shown that In C. glabrata, the N- and
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C-terminus of Stnl can each bind Poll2 and stimulate PP,
with the N-terminus exhibiting greater activities in both as-
says (30). Thus, both the fungal and human studies high-
light the importance of the STN1 OB fold in regulating PP.
Moreover, our observation that RPA2 alone can stimulate
PP activity in vitro and bind POLA?2 suggest that the RPA
complex may also be capable of regulating PP through this
mechanism. However, the effects of RPA are likely to be
complex, and more studies will be necessary to assess the
physiologic relevance of RPA2-POLA?2 interaction.

Our findings concerning the mechanisms of STNT1 in PP
stimulation may be interpreted in light of the recently pro-
posed model of concerted RNA-DNA primer synthesis by
the human PP complex (42). This model, based on the
crystal structure of the full complex without substrates, as
well as those of several subcomplexes with nucleic acids,
envisions a switch reaction mediated by a dramatic rota-
tion of PRI2 C-terminus relative to POLA1, which deliv-
ers the bound template-RNA primer to the polymerase ac-
tive site. Importantly, in the substrate-free structure of the



PP complex, the nucleic acid entry site for the DNA poly-
merase is blocked by the OB fold of POLA2 (Figure 6C)
(42,47,48). Thus, in order for the template-RNA primer to
be delivered by the PRI2 C-terminus, this OB fold must
be moved away from the nucleic acid entry site. Accord-
ing to our interaction study, the primary target of STNI
is the OB fold of POLA2, providing a plausible explana-
tion for how the STN1-POLA?2 interaction may facilitate
the required movement. While the molecular determinants
of STNI1-POLAZ2 binding remain largely undefined, the ef-
fects of the R135T mutation suggest that this residue, which
maps away from the DNA-binding and TEN1-binding sur-
face, may be part of the POLA2-binding surface (Figure
2F). A high resolution view of the STN1-POLA?2 interface
should help to advance understanding of the molecular ba-
sis of the primase-to-polymerase switch reaction.

Our results have implications for STN1 evolution and
for STN1-associated telomeropathy. At the sequence level,
STNI is the most highly conserved subunit of the CST com-
plex, and the N-terminal OB fold the more highly conserved
domain of this protein. The attribution of the PP stimu-
latory, POLA2-binding, DNA-binding and TEN1-binding
activities of STN1 all to this domain is thus not surprising
and rationalizes the finding that the STN1 orthologs in Ara-
bidopsis and Drosophila lack the C-terminal winged helix
domain (49,50). Because the winged helix domain is present
in the great majority of STN1 orthologs (51), it was likely
to be part of the ancestral protein, and to be lost in selected
lineages due to its lesser functional importance. In terms
of direct disease relevance, it is worth noting that the ini-
tial set of telomeropathy patients bearing CST-related mu-
tations all have compound heterozygous mutationsin CTC/
(24,52), raising the possibility of a special role for this sub-
unit. However, the recent discovery of two Coats plus pa-
tients with homozygous mutations in STN/ rules out a spe-
cial status for CTCI in triggering disease (25). Instead, the
paucity of disease-associated STN/ mutations may be due
to its greater functional importance, and the lethal con-
sequences of most STN1 mutations. We have shown that
R135T causes a clear defect in PP stimulation and POLA2-
binding in vitro, providing good explanations for the associ-
ated cellular pathology such as G-strand accumulation and
impaired recovery from replication stress (25). In contrast,
the D157Y mutant is more active than wild-type STN1 in
PP stimulation, and appears to be largely normal with re-
spect to all the biochemical activities we tested, yet still
causes the Coats plus syndrome. In this regard, we note that
the D157 residue is partially buried in the interior of STNI,
and the expression level of the D157Y mutant in E. coli was
substantially lower than that of the wild-type protein (data
not shown). This mutant may thus have a subtle conforma-
tional defect that impairs an aspect of STN1 function not
detected by current assays. Alternatively, hyper-activation
of PP may also cause cellular pathology.

Finally, it is worth noting that our study has revealed
a surprising similarity between the regulatory mechanisms
that control telomere G- and C-strand extension. In G-
strand extension, there is compelling evidence that an OB
fold domain in the shelterin component TPP1 is responsi-
ble both for recruiting telomerase to telomere ends and for
stimulating the processivity of telomerase (53,54). Likewise

Nucleic Acids Research, 2017, Vol. 45, No. 16 9465

in C-strand extension, we have now shown that the OB fold
of STN1 in the CST complex plays a key role in control-
ling the activity of PP. Thus, telomere-tethered OB folds are
central regulators of the telomere maintenance machinery.
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