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ABSTRACT: In Saccharomyces cerevisiae, Pif1 is involved in a wide range of DNA transactions. It operates both
in mitochondria and in the nucleus, where it has telomeric and non-telomeric functions. All of the activities of
Pif1 rely on its ability to bind to DNA. We have determined the mode of Pifl binding to different DNA
substrates. While Pifl is a monomer in solution, we show that binding of ssDNA to Pifl induces protein
dimerization. DNA-induced dimerization of Pifl is also observed on tailed- and forked-dsDNA substrates,
suggesting that on the latter formation of a Pif1 dimer prevents binding of additional Pif1 molecules. A dimer
of Pifl also forms on ssSDNA of random composition and in the presence of saturating concentrations of
nonhydrolyzable ATP analogues. The observation that a Pif1 dimer is formed on unwinding substrates in the
presence of ATP analogues suggests that a dimeric form of the enzyme might constitute the pre-initiation

complex leading to its unwinding activity.

In budding yeast Saccharomyces cerevisiae, a complex inter-
play of helicases in telomere regulation is emerging. Multiple
helicases have been reported to have either direct or indirect roles
in telomere function: Pifl, Rrm3, Dna2, Sgs1, and Srs2 (/—6). Of
these helicases, Pifl (petite integration frequency 1) is the only
helicase for which a direct effect on the telomerase, the reverse
transcriptase responsible for extension of the 3'-end of chromosome
ends, has been reported (2, 7). Pifl is produced in two variants
from different translation start sites (3, 8, 9). The full-length Pif1
helicase is targeted to mitochondria, while a shorter variant,
missing the first 40 N-terminal amino acids, is localized in the
nucleus (3, 8, 9). The nuclear form of Pif1 has both telomeric and
non-telomeric functions. At telomeres, Pifl acts as a negative
regulator of telomere metabolism, inhibiting telomere elongation
and de novo telomere addition (2, 7, 9). The mitochondrial form
of Pif1 participates in mtDNA repair and recombination (8, 10, 11).

PIFI has been shown to participate in mtDNA repair after UV
or ethidium bromide damage and in mtDNA maintenance at
high temperatures (8, 12). More recently, a direct role of PIFI in
preventing mtDNA instability due to oxidative stress has been
described (10). Partial purification of the mitochondrial Pif1 protein
showed for the first time that the protein is a 5’ to 3’ helicase,
whose ATPase activity is highly stimulated by ssDNA' (8, 12).

The nuclear version of Pifl has been implicated in a wide array
of pathways. Pifl functions in replication fork progression at
rDNA sites (13). Also, the helicase activity of Pif] is involved in
Okazaki fragment processing in conjunction with the activity of
Dna?2 helicase/nuclease (6). Notably, genetic screening for the
loss of expression of genes positioned at subtelomeric regions
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identified a mutation in PIFI (9). This mutation in PIF] affects
the length and heterogeneity of telomeres and causes a large
increase in the de novo addition of new telomeres at the end of
broken chromosomes. Moreover, Pif1 helicase participates in the
suppression of gross chromosomal rearrangements via suppres-
sion of the de novo telomere addition pathway (14, 15). The
Zakian laboratory showed that the suppression activity of Pif1 on
de novo telomere addition and on telomere lengthening occurs via
direct inhibitory effects of Pifl on the activity of the telome-
rase (7). In a more recent study, the same laboratory provided
evidence that Pif1 directly affects the telomerase and causes it to
dissociate from the telomeric end (2). Biochemical studies on the
unwinding activity of Pifl strongly suggest that RNA—DNA
heteroduplexes are unwound with higher efficiency than dsDNA
(16). Thus, it has been suggested that the function of Pif1 in the
displacement of the telomerase is simply to unwind the RNA—
DNA heteroduplex formed by the telomeric TLC1 RNA of the
telomerase and the ssDNA at telomeres (2, 3, 16). Finally, studies
of the substrate requirement for its helicase activity indicate that
Pifl preferentially unwinds dsSDNA substrates with a 5'-ssDNA
overhang (16). However, the presence of a 3'-ssDNA tail in
combination with a 5-overhang (fork substrates) increases the
efficiency of the unwinding reaction (/6).

Although it is evident that all of the activities of Pifl require
binding to DNA, the mode of Pifl—DNA interaction is not
known. While it has been shown that Pifl binds to ssDNA with
relatively high affinity (2, 16), the stoichiometry of interaction
remains unexplored. In this study, we applied quantitative
approaches to determine the mode of binding of Pifl to DNA.
Our data show a more complex mode of Pifl —DNA interaction
than previously assumed. Binding of Pif1 to ssDNA is character-
ized by a DNA-induced dimerization of the protein. The same
mode of interaction is maintained on unwinding substrates
and on sequences of random composition, and it is independent
of the nucleotide-bound state of Pifl. Possible implications of
the observed Pifl dimerization on DNA for its function are
discussed.
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MATERIALS AND METHODS

Reagents and Buffers. All chemicals were reagent grade. All
solutions were made with distilled and deionized 18 MQ (Milli-
Q) water (Millipore Corp., Bedford, MA). The oligonucleotides
were purchased from Integrated DNA Technology (IDT, Coral-
ville, IA) and HPLC purified. Oligonucleotide concentrations
were determined in 10 mM Tris-HCI (pH 8.3) and 0.1 mM EDTA
using extinction coefficients (£5¢0) of 8100 M~ cm ™" for dT and
20960 M~ em ™! for fluorescein (17). For oligonucleotides with a
mixed sequence composition, the extinction coefficient is calcu-
lated with the nearest-neighbor method (/8—20). The sequences
for generating the dsSDNA substrates contain a constant duplex
region of 15 bp and variable lengths of 5'- or 3'-ssDNA. Strand 1
is 5'-dT,,CCGGGGCCGCGCCGC and strand 2 3'-dT,,GGCC-
CCGGCGCGGCG, where n, m, and the position of the fluo-
rescein label are indicated in the figures. We prepared all the
dsDNA substrates by annealing a 1.1:1 ratio of unlabeled to
labeled strand in 10 mM Tris-HCI (pH 8.3), 100 mM NaCl, and
5 mM MgCl, for 5 min at 97 °C and then slowly cooling the
samples to room temperature. The concentration of nonhydro-
lyzable ATP analogues AMP-PNP and ATPyS (Sigma-Aldrich,
St. Louis, MO) was determined using an &»so of 15400 M~ 'em ™.

Cloning, Overexpression, and Purification of Pifl Heli-
case. The initial pET28b expression plasmid for Pifl was a kind
gift of V. Zakian (Princeton University, Princeton, NJ). PIFI was
recloned into the pET30a vector (Recombinant DNA Labora-
tory, University of Texas Medical Branch, Galveston, TX) for
expression of the full-length, untagged protein. Freshly trans-
formed expression strains Rosetta2(DE3)pLysS (EMD Chemi-
cals, Novagene, Gibbstown, NJ) were used to inoculate a 16 L
fermenter culture (Mobile Pilot Plant Fermenter, New Brunswick
Scientific). The cells were allowed to grow at 37 °C until the OD
reached 0.6—0.7, quickly chilled and induced with | mM IPTG at
~30 °C, and grown overnight at 18 °C. Pif] carrying the K264A
mutation in the Walker A motif of the ATPase site (Pif1<?**)
was generated by PCR mutagenesis (QuickChange Lightening,
Stratagene) using the original pET28b vector and expressed as an
N-terminal Hisg-tagged protein.

We established a purification protocol that yields a final Pifl
protein that is at least 97% pure as judged by Coomassie Blue
staining (Supporting Information). The concentration of Pifl
was determined spectrophotometrically with a Cary 100 instru-
ment (Varian Inc., Palo Alto, CA) using an extinction coefficient
€250 0f 55000 M ™" em ™!, which is an average of the one calculated
from the amino acid composition and the one experimentally
determined under denaturing conditions (27, 22). Pifl carrying
the K264A mutation in the Walker A motif of the ATPase site
(Pif1%%%*4) was overexpressed and purified with a protocol
similar to that used for the wild type (Supporting Information).

Fluorescence Titrations. All fluorescence experiments
were performed with a L-format PCI spectrofluorimeter (ISS,
Champaign, IL) equipped with Glenn-Thompson polarizers. The
change in anisotropy of fluorescein-labeled DNA was determined
using excitation and emission wavelengths of 490 and 530 nm,
respectively, with slit widths of 1 mm. Each anisotropy value is
determined from an average of 10 readings. The standard deviation
of the reported values of anisotropy is less than 4%, as determined
from multiple titrations over multiple Pifl preparations.

Analytical Ultracentrifugation. All experiments were con-
ducted with an Optima XL-A analytical ultracentrifuge and an
An60Ti rotor (Beckman Coulter, Brea, CA). Sedimentation
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velocity experiments were performed with an Epon charcoal-
filled double-sector centerpiece at 50000—55000 rpm. For experi-
ments with Pifl alone, the samples were scanned at 280 nm every
8 min at a spacing of 0.03 cm. For experiments with Pif1 in the
presence of labeled DNA, the samples were scanned at 495 nm
(fluorescein), where protein absorption does not contribute to the
observed signal. Sedimentation velocity profiles were processed
and analyzed with SedFit/SedPhat (P. Schuck, National Institute
of Biomedical Imaging and Bioengineering, National Institutes
of Health, Bethesda, MD) (23—26) and the apparent sedimenta-
tion coefficient corrected for temperature and buffer composition
[SEDNTERP, by D. Hayes (Magdalen College, Warner, NH),
T. Laue (University of New Hampshire, Durham, NH), and
J. Philo (Alliance Protein Laboratories, Camarillo, CA)].

Sedimentation equilibrium experiments were performed with
an Epon charcoal-filled six-sector centerpiece at 12000—22000
rpm. For experiments with Pifl alone, the samples were scanned
at 280 nm every 2 h at a spacing of 0.001 cm and an average of
three scans. Achievement of equilibrium (~24 h) was determined
from overlap of scans at 4 h separation. For experiments with
Pif1 in the presence of labeled DNA, the samples were scanned at
495 nm (fluorescein). Sedimentation equilibrium profiles were
processed and analyzed with SedFit/SedPhat (P. Schuck) (23—26)
and the apparent molecular weights determined using the partial
specific volume calculated from amino acid composition (0.738
mL/g at 25 °C) and the buffer density corrected for temperature
and composition (SEDNTERP). The partial specific volume of
Pif1 in complex with DNA was calculated from (27)

- HMPUP‘|'MDUD
- nMp+Mp

(1)

UpD

where n is the number of Pifl molecules in the complex, Mp and
M are the molecular weights of Pif1 and the DNA, respectively,
vp is the partial specific volume of Pifl (see above), and vp is the
partial specific volume of the labeled DNA (0.54—0.59 mL/g) (28).

RESULTS

Pifl Is a Monomer in Solution. Analytical sedimentation
velocity analysis shows that Pifl behaves in solution as a single,
homogeneous species. A representative set of sedimentation
velocity profiles of 8 uM Pifl in buffer N100M-10 °C [50 mM
Tris-HCI (pH 8.3) at 10 °C, 100 mM NaCl, 5 mM MgCl,, 0.5 mM
DTT, and 20% (v/v) glycerol] is shown in Figure la. The solid
lines are the direct fits of the data to a continuous ¢(s) distribution
of Lamm equation solutions (SedFit) (23—26). The ¢(s) distribu-
tion as a function of sy, calculated from the analysis of the
velocity profiles using SedFit is shown in Figure 1b. In the range
of 2—8 S a single, symmetrical peak is observed in the c(s)
distribution, indicating that Pif 1 sediments as a single species with
a sedimentation coefficient (s, ) of 4.38 £ 0.15 S.

The results of equilibrium analytical ultracentrifugation ex-
periments under different solution conditions are shown in
Figure 2. The inclusion of glycerol in the buffer is required to
increase protein solubility and achieve equilibrium. The solid
lines are the analyses of the equilibrium sedimentation profiles
assuming a single sedimenting species (SedPhat, P. Schuck) (23—26).
Under these conditions, more complex mechanisms or the
inclusion in the analysis of additional sedimenting species does
not improve the quality of the fit. Under all the experimental
conditions tested (NaCl concentration, MgCl, concentration,
temperature, and pH), Pifl has an average Myw of 91 & 4 kDa,
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FiGure I: Pifl in solution sediments as a single, homogeneous
species. (a) Representative analytical sedimentation velocity profiles
recorded at 280 nm and 55000 rpm for 8 uM Pif1 in buffer N100M-
10 °C. The solid lines are the fits of the data to a continuous c(s)
distribution of Lamm equation solutions (SedFit). (b) Continuous
¢(s) distribution as a function of sy, calculated from the data in
panel a.

consistent with the value of 93 kDa calculated from its amino acid
composition. Therefore, Pifl exists as a monomer in solution
even at concentrations that are 2—8-fold higher than the highest
Pif1 concentration reached in DNA binding studies (see below).

Pifl Binds to ssDNA with a 2:1 Stoichiometry. Inter-
action of Pifl with ssDNA is not accompanied by sufficient and
reliable changes in the intrinsic fluorescence of the protein.
However, binding of Pif1 to homo-oligodeoxynucleotides labeled
with fluorescein leads to a large change in the rotational diffusion
properties (anisotropy) of the modified oligonucleotide. Further-
more, at saturating Pifl concentrations, there is a negligible
change in the fluorescent quantum yield of the fluorescein-labeled
DNA (data not shown). The small change in the quantum yield
of the fluorophore will not make a significant contribution to the
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“distortion” of fluorescence anisotropy induced by differences in
quantum yield between the free and bound state of the fluo-
rescent ssSDNA (29, 30).

We studied the interaction of Pifl with ssDNA of different
lengths. Even for the shortest length examined (e.g., five nucleo-
tides, data not shown), the interaction cannot be explained with a
simple 1:1 binding model. Titrations were performed under tight
binding conditions (i.e., stoichiometric titrations), monitoring the
change in fluorescence anisotropy as a function of Pifl concen-
tration of 5'-fluorescein-labeled dT,, (FL-dT, where n = 6, 8, 14,
and 24) in buffer TN100M-10 °C (Figure 3a). The data clearly
show that more than one Pifl molecule binds to the ssDNA under
these conditions. For lengths ranging from 6 to 14 nucleotides,
the data are consistent with two Pifl molecules binding to the
ssDNA at saturation. Because of the potential multiple, over-
lapping binding sites, it would be easy to envision that at satura-
tion two Pifl molecules could bind next to each other on FL-dT),,
suggesting that the occluded site-size of Pif1 is ~6—7 nucleotides
(Figure 4a, 1). If this were the case, a single Pifl molecule should
bind to FL-dT,. However, this is not what we observe. Even on
this short ssDNA, at saturation two Pifl molecules bind to the
substrate. It should be noted that if two Pifl molecules were to
bind to FL-dT¢ next to each other then the occluded site-size
would be ~2—3 nucleotides, which appears to be physically
unreasonable. Moreover, we have been able to exclude experi-
mentally this possibility (see below).

The Location of the Label Does Not Affect the Mode of
Binding of Pifl to ssDNA. To assess whether the presence of
the label at the 5'-end of the ssDNA has an effect on the observed
mode of binding (i.e., stoichiometry), we performed experiments
with 3'-end fluorescein-labeled ssDNA. Titration under stoichio-
metric conditions, monitoring the change in fluorescence aniso-
tropy as a function of Pif 1 concentration of 3'-fluorescein-labeled
dTg (dTg-FL) in buffer TN100M-10 °C, is shown in Figure 3b.
For comparison, the titration of 5'-fluorescein-labeled dTg (FL-
dTg) under the same conditions is shown as well. It is evident
from the data that, independent of the location of the fluorescein
label, two Pifl molecules bind to dT8 at saturation, although the
label and its position have an effect on the energetics of the
interaction (R. Galletto and S. Barranco-Medina, manuscript in
preparation).

Pif1 Does Not Bind to the End of the ssDNA. One simple
model for explaining the 2:1 stoichiometry observed in Figure 3
would be the binding of Pif1 specifically to the ends of the ssDNA
(Figure 4a, 1i and iii). In this case, the observed binding constant
for ssDNA should be length-independent; however, we do not
observe this behavior (R.G. and S.B.-M., in preparation). Alter-
natively, Pif1 could bind with an extremely small occluded site-size
on ssDNA (e.g., 2—3 nucleotides).

If Pif1 does not bind to blunt-end dsDNA, these two possi-
bilities (binding to a free end or an extremely small site-size) can
be examined by designing dsDNA substrates with short ssDNA
tails. The change in fluorescence anisotropy of dsDNA substrates
(15 bp long) with 5'-fluorescein-labeled ssDNA tails of different
lengths (FL-dT,-ds15 where n = 0, 2, 3, 4, and 5) as a function of
Pif1 concentration in buffer N100M-10 °C is shown in Figure 4b.
As a reference, the change in fluorescence anisotropy of ssDNA
FL-dT5 under the same buffer conditions is included as well.
Binding of Pif1 to a dsSDNA with a S5-nucleotide 5'-ssDNA tail is
readily detected. Albeit with weaker affinity, Pifl is able to
interact with a dsSDNA with a 4-nucleotide ssDNA, while binding
of Pif1 to substrates with 5'-ssDNA shorter than 3 nucleotides is
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FiGURE 2: Pif1 is monomeric under different solution conditions. Sedimentation equilibrium profiles of Pif1 collected under different experi-
mental conditions. The solid gray lines are the global analyses of each set of data with a single species model (SedPhat), and the obtained M, values
are given. (a) Sedimentation equilibrium profiles of 3.8 M Pif1 in buffer H [20 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 0.5 mM DTT,
and 20% (v/v) glycerol] collected at 22 °C, 280 nm, and five different rotor speeds (14000, 16000, 18000, 20000, and 22000 rpm). (b) Sedimentation
equilibrium profiles of 2.6 uM Pif1 in buffer N150E [50 mM Tris-HCI (pH 8.3) at 22 °C, 150 mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, and 20%
(v/v) glycerol] collected at 280 nm and three different rotor speeds (16000, 19000, and 22000 rpm). (¢) Sedimentation equilibrium profiles of 10 uM
Pif1 in buffer N100M-10 °C (see text) collected at 280 nm and two different rotor speeds (19000 and 22000 rpm).

not detected. These data strongly suggest that in the concentra-
tion range examined, Pifl does not bind to a free end of the
ssDNA and that the site-size is not ~2—3 nucleotides (see above).
Interestingly, Pifl binds the dsDNA with a 5-nucleotide 5'-
ssDNA tail (FL-dTs-ds15) with an apparent affinity higher than
that of a ssDNA of the same length (FL-dTs), suggesting that the
presence of the duplex region contributes to the overall affinity of
the formed complex (see below).

Binding of Pifl to ssDNA Induces Dimerization of the
Protein. Titrations under stoichiometric conditions clearly
indicate that Pifl binding to ssDNA cannot be described by a
simple 1:1 interaction. Of the possible models that would account
for the observed stoichiometry of two Pif1 molecules bound to a
short ssDNA, we can exclude models i—iii in Figure 4a. Next, we
tested whether a model in which DNA induces dimerization of
Pif1 (Figure 4a, iv) can account for the observed stoichiometry.

The change in fluorescence anisotropy of 25 and 120 nM FL-
dTj as a function of an increasing concentration of Pif1 in buffer
NI100M-10 °C is shown in Figure 4c. The dotted line is the best fit
of the titration at 25 nM FL-dT; with a simple 1:1 binding model
(Supporting Information, eq S7), clearly indicating that it does not
represent the data. In addition, the dashed line is the expected
behavior of the change in anisotropy for the higher concentration
of FL-dT; (120 nM) and the same parameters determined for a 1:1
binding model. It is evident that this simple binding model does
not capture the DNA concentration dependence of the interaction.
The solid lines are the analyses of the data with a DNA-induced
binding model (Figure 4a, iv) (31). The model is described by the
following reactions

P+D <P (Scheme 1)

PD+P % P,D

and equations
Z =1+KI[P|+ KL[P)? (2)

~ K[P]+2KL[P]’
YTz

[Ply = [P]+v[Dly (4)

where K and L are the DNA binding and the dimerization
constants, respectively.

For a system where the change in fluorescence anisotropy is not
accompanied by changes in the quantum yield of the fluorophore
(see above), the observed anisotropy as a function of the different
species in solution is described by (Supporting Information)

2

Fobs = %"D +@ pD +@ I'p,D (5)
where rp, rpp, and rp_p are the anisotropy values of the free DNA
and the DNA in complex with one and two Pifl molecules,
respectively. The anisotropy value of the free DNA is determined
before addition of Pifl, and the anisotropy values of the DNA
with one and two Pifl molecules bound are determined from
stoichiometric titrations (Figure 3). An independent approach to
determining the value of the anisotropy of the singly ligated
species is the analysis of the titrations performed at two different
concentrations with the general method developed by Bujalowski
and Lohman (32, 33) (data not shown). In eq 5, only two
parameters, K and L, need to be fitted (Micromath, Scientist,
St. Louis, MO).

The titrations performed at the two different concentrations of
FL-dT; can be described well by the model in Scheme 1 with an
identical set of parameters [Figure 4c; rp = 0.09 & 0.004, rpp =
0.19 £ 0.005, rp,p = 0.297 £0.03, K = (2£0.5) x 10'M ", and
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FIGURE 3: At saturation, two Pifl molecules bind to ssDNA. (a)
Change in the fluorescence anisotropy of 5'-FL-labeled dT,, (FL-dT,)
at 320 nM with n values of 6 (@), 8 (O), and 14 (M) in buffer N100M-
10 °C as a function of the ratio of the total concentrations of Pif1 and
DNA. The titrations were performed under conditions of tight
binding (stoichiometric). (b) Stoichiometric titrations in buffer
N100M-10 °C of 3’-FL-labeled dTg (dTs-FL) at 320 nM (O) and
FL-dTg (@) at the same concentration. The solid lines in panels a and
b are meant for visual help.

L = (54 1) x 10" M™"]. Thus, the data strongly suggest that the
simplest model that can account for the observed behavior of Pifl
interacting with ssDNA is a piggyback model, where binding of
Pifl to ssDNA induces dimerization of the protein (3/). We
would like to point out that the model in Scheme 1 does not allow
discrimination between different geometries of the complex
(Figure 4, iv). The orientation of the two Pif]1 monomers relative
to the DNA is currently unknown.

The Presence of dsDNA Does Not Affect the Mode of

Binding. The data in Figure 4b clearly show that Pif1 does not
bind to a blunt end dsDNA substrate and that binding requires a
ssDNA tail of at least four nucleotides. Next, we examined
whether the presence of a ssDNA—dsDNA junction affects the
DNA-induced dimerization of Pifl.

Titrations under stoichiometric conditions of dsDNA sub-
strates with 5'-fluorescein-labeled ssDNA tails of different
lengths (FL-dT,-ds15) in buffer N100M-10 °C are shown in
Figure 5a. Two Pifl molecules bind at saturation even for
substrates with a 5'-ssDNA tail of only five nucleotides. Increas-
ing the ssDNA tail to twice the length does not change the
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FiGURE 4: Pif1 dimerizes on ssDNA. (a) Four possible models for
Pif1 binding to ssDNA that can explain the observed 2:1 stoichiom-
etry. (b) Titrations of the indicated substrates (5FL-dT,-ds15) at 25
nM with n values of 5 (@), 4 (W), 3 (A), 2 (®), and 0 (). Also, the
titration of 25nM FL-dTs (O) under the same solution conditions is
shown as a reference. (c) Titrations of 25 (@) and 120 nM FL-dT, (H)
with Pif1 in buffer N100M-10 °C. The dotted line is the best fit of the
titration at 25 nM FI-dT; to a 1:1 model with the following: rp =
0.09, rpp = 0.297,and K = 2.5x 10’M ! (Supporting Information).
The dashed line is the expected behavior for the higher concentration
of FL-dT; with the same parameters as for the dotted line. Solid lines
are the fits of the titrations at both FL-d T, concentrations with the
same set of parameters [rp = 0.09 £+ 0.004, rpp = 0.19 £ 0.005,
rpp =02974+0.03, K= 2405 x 1M " and L = (54 1) x 10’
M '] according to the piggyback model in panel a (iv) (see the text).

observed stoichiometry. Therefore, the presence of a ssSDNA—
dsDNA junction does not affect the mode of binding
of Pifl.
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(O),andn = 12and m = 12 ().

Pifl isa 5 to 3’ helicase (2, 12, 16), and the substrates utilized in
Figure 5a have a 5'-ssDNA that can serve as a loading site for DNA
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ATPyS (O) and at 250 nM in the absence of the ATP analogues (®).

unwinding by Pif1 (see the Supporting Information). We examined
whether the dimerization of Pifl occurs also on DNA substrates
with 3'-ssDNA tails. Binding of Pif1 to these substrates would lead
to a complex that is not productive for unwinding (2, 12, 16).

We designed dsDNA substrates (15 bp long) with a 3'- or 5/
ssDNA tail of 12 nucleotides and carrying a fluorescein modi-
fication at the ssDNA—dsDNA junction (Figure 5b). Titrations
under stoichiometric conditions of these substrates in buffer
N100M-10 °C are shown in Figure 5b. Two Pif1 molecules bind
at saturation to the substrate with a 5'-ssDNA of 12 nucleotides
and the fluorescein label at the junction. This behavior is consis-
tent with that observed with dsDNA substrates with 5'-fluorescein-
labeled ssDNA tails. On these substrates, the mode of Pifl
binding is not affected by the location of the fluorescent label,
as observed for ssDNA (Figure 3b). Interestingly, at saturation
two Pif1 molecules bind also to the substrate with a 3'-ssDNA
tail [Figure 5b (O)]. However, Pifl does not unwind these
substrates (data not shown and refs 2, 12, and 16).

The observation that a dimer of Pifl forms on dsDNA
substrates with either a 5'- or a 3’-ssDNA tail prompted us to
examine whether multiple molecules of Pif1 can bind to fork-DNA
substrates (containing both 5'- and 3'-ssDNA tails). Titrations
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under stoichiometric conditions of fork-dsDNA substrates with
different lengths of a 5'-fluorescein-labeled ssDNA tail and a 3'-
ssDNA tail (FL-dT,/3-dT,,~ds15 withn = Sandm = 5,n =
10and m = 10,and n = 12and m = 12) in buffer N100M-10 °C
are shown in Figure 5c. Surprisingly, in the examined range of
lengths of the 5'- and 3'-ssDNA tails, two Pif1 molecules bind at
saturation. Thus, on these substrates formation of a Pifl dimer
prevents binding of additional Pif1 molecules to the ssDNA tails.

Dimerization of Pifl Is Observed on ssDNA of Random
Composition and Is Not Affected by Binding of Non-
hydrolyzable ATP Analogues. Binding of Pif1 to single-stranded
homodeoxynucleotides induces dimerization of the protein.
However, in its normal cellular functions, Pif1 will encounter DNA
sequences of mixed composition. Therefore, we tested whether the
observed mode of Pifl binding to homo-oligonucloetides is
maintained on ssDNA of random composition.

Stoichiometric titrations of 5'-fluorescein-labeled d(TCCG-
CCGC) and FL-dTgin buffer N100M-10 °C are shown in Figure 6a.
As for the 8-mer homo-oligonucleotide, two Pifl molecules
bind to the 8-mer of random composition. The data indicate
that ssDNA-induced dimerization of Pifl is not an exclusive
property of ssDNA of homogeneous composition; it occurs
also on ssDNA with random composition.

The data in Figure 5 show that in the absence of nucleotide
cofactors a Pif1 dimer is formed on unwinding substrates (e.g., 5'-
tail-dsDNA). Next, we tested whether binding to Pifl of non-
hydrolyzable ATP analogues affects its mode of binding.

Titrations under stoichiometric conditions of a tail-dsDNA
substrate with a 5'-fluorescein-labeled dTy tail (FL-dTs-ds15) in
the presence of 2 mM AMP-PNP or ATPyS in buffer N100M-
10 °C are shown in Figure 6b. For reference, the results from
titration of the same substrate in the absence of the nonhydrolyz-
able ATP analogues are included. We note that the titration in the
presence of ATPyS is slightly shifted toward higher Pifl:DNA
ratios, suggesting a possible difference in its effect on the inter-
action as compared to AMP-PNP. However, in the presence of
ATP analogues, two Pifl molecules still bind to this substrate
at saturation, suggesting that the dimer of Pifl represents the
pre-initiation complex leading to species responsible for unwind-
ing (see below).

Stable Dimers of Pifl Formed on Fork-dsDNA Are
Detected via Analytical Ultracentrifugation. We examined
the stoichiometry of Pifl on different DNA substrates using
analytical ultracentrifugation. Interestingly, using either sedi-
mentation velocity or equilibrium, we were not able to detect
stable dimers formed on the short ssDNA examined (data not
shown). However, the situation is different when we employ fork-
dsDNA.

Sedimentation velocity experiments were performed using
dsDNA substrates with 5'-fluorescein-labeled ssDNA tails and
3'-ssDNA tails of equal length (5FL-dT,/3-dT,,-ds15 withn = 8
andm = 8,and n = 10 and m = 10) and a 3-fold excess of Pifl.
The data were collected at 495 nm where Pif1 does not contribute
to the signal. The normalized ¢(s) distributions of sedimentation
coefficients of these substrates in the presence of excess Pifl in
buffer N100M-10 °C are shown in Figure 7a (solid lines). As a
reference, we determined the c(s) distribution of the same
substrates alone in buffer N-22 °C (composition of N100M but
without glycerol) (Figure 7a, dashed lines). Also, in Figure 7a, we
include the ¢(s) distribution of sedimentation coefficients of Pifl
alone (dotted line, data from Figure 1b). It is evident that in the
presence of excess Pifl the DNA substrates migrate with a
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FiGure 7: Stable Pifl dimers are observed with both sedimentation
velocity and equilibrium analytical ultracentrifugation. (a) Contin-
uous ¢(s) distributions as a function of sy, calculated from the
sedimentation velocity profiles collected in buffer N100M-10 °C at
280 nm for 8 uM Pif1 (- - -) and at 495 nm for 3 uM FL-dTg/dTg-ds15
(gray solid line) and FL-dT,o/dT;o-dsl5 (black solid line) in the
presence of a 3-fold excess of Pifl. The dashed lines are the c(s)
distributions for 3 uM FL-dTg/dTg-ds15 (gray) and FL-dT;o/dT o
ds15 (black) collected at 22 °C in buffer N100M without glycerol. (b)
Continuous ¢(s) distributions of 3 uM FL-dT;¢/dTedsl5 in the
presence of different Pif:DNA loading ratios: 3:1 (black solid line),
2:1 (—-—), 1:1 (gray solid line), and 1:1.5 (gray dashed line). As a
reference, the c¢(s) distributions for free Pifl (---) and free DNA
(black dashed line) are shown as well (data from panel a). (c)
Sedimentation equilibrium profiles in buffer N100M-10 °C collected
at 495 nm and two different rotor speeds (15000 and 17000 rpm) of
3 uM Pifl FL-dT,o/dTo-ds15 (data on the left) and FL-dT;,/
dT),-dsl5 (data on the right) in the presence of a 3-fold excess of
Pifl. The solid gray lines are the global analyses of each set of data
with a single species model (SedPhat), and the obtained My values
are given.
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sedimentation coefficient that is much larger than those of the
individual components. Moreover, at a Pifl:DNA ratio of 3:1,
the distribution of sedimentation coefficients is symmetrical,
suggesting the presence of a single homogeneous species.
Although the large s, (7.4—7.5 S) suggests that the complex
has a molecular weight consistent with a dimer of Pifl on these
substrates (as calculated from the s value with SedFit), we note
that the substrates themselves have a relatively high sedimenta-
tion coefficient.

To determine whether the observed s, , represents a complex
of two Pif1 molecules bound to the substrates, we examined the
distribution of the sedimentation coefficients obtained at differ-
ent loading ratios. The ¢(s) distributions of 5FL-dT;o/3'-dT -
ds15 in the presence of different Pifl loading ratios in buffer
NI100M-10 °C are shown in Figure 7b. For reference, the
distributions of sedimentation coefficients of free DNA substrate
and Pif1 alone are included. At a Pifl:DNA loading ratio of 2:1, a
large sy value is still detected; however, the distribution
becomes asymmetric. At loading ratios of 1:1 and 1:1.5, we
expect to populate both the complex with a single Pif1 molecule
bound and free DNA (Figure 6¢). Indeed, the ¢(s) distributions
show a peak with an s, ,, value intermediate between those of the
free Pifl and the complex obtained at larger loading ratios.
Moreover, at these loading ratios, we observe accumulation of
free DNA substrate. These data show that the large s, value
observed at saturating concentrations of Pifl is consistent with
the formation of a Pif1 dimer.

Finally, we determined the molecular weight of the complexes
formed between Pif1 and fork-dsDNA substrates using sedimen-
tation equilibrium. Sedimentation equilibrium profiles collected
at 495 nm for two different rotor speeds of 5’FL-dT,/3'-dT,,-ds15
(with n = 10 and m = 10, and n = 12 and m = 12) in the
presence of a 3-fold excess of Pifl in buffer N100M-10 °C are
shown in Figure 7c. The solid lines are global analyses of the data
obtained at two rotor speeds with a single species [as determined
from sedimentation velocity under the same buffer conditions
(Figure 7a)]. The apparent molecular weights of the complexes are
170 4+ 3 and 198 + 5 kDa for Pifl bound to 5FL-dT;o/3"-dT -
ds15 and 5FL-dT;,/3'-dT;,-ds15, respectively. These results
confirm that the species with the large 5, value observed in
the sedimentation velocity experiments is a dimer of Pifl formed
on the DNA substrate.

DISCUSSION

Pif1 in Solution Is a Monomer with an Oblong Shape.
Previous work using glycerol gradient centrifugation showed that
Pifl is a monomer (/2, 16). We purified an active Pif1 (see the
Supporting Information) without any tag (/6) or the need of
refolding procedures (/2). Analytical equilibrium ultracentrifu-
gation experiments are consistent with previous reports. Under
the different solution conditions examined in this work, Pifl in
solution is a monomer with an M, of 91 & 4 kDa. Sedimentation
velocity analysis shows that the protein sediments in solution as a
single, homogeneous species with an s, y, 0of 4.4 S. The low value
of the sedimentation coefficient for a protein the size of Pifl
strongly suggests that in solution Pifl has an oblong shape. The
ratio of the frictional coefficient (f/fo) is 1.64 (SedFit) (23—26),
clearly larger than the unitary value expected for a sphere (34, 35).

DNA-Induced Dimerization of Pif]. The results obtained
in this work indicate that the interaction of Pifl with DNA is
more complex than previously assumed (2, /6). We monitored
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the binding of Pifl to fluorescently labeled DNA via the large
change in the fluorescence anisotropy of the labeled substrate.
Analysis under conditions of tight binding (stoichiometric) of the
interaction of Pif1 with ssDNA of different lengths shows that at
saturation two Pifl molecules bind to the ssDNA. The mode of
binding is independent of the location of the fluorescent probe on
the ssDNA, although the detailed energetics differ (R.G. and
S.B.-M., in preparation). The simplest model that can explain the
observed 2:1 stoichiometry at saturating concentrations of the
protein is a DNA-induced dimerization of Pifl. Indeed, analysis
of the binding of Pif1 to short, labeled ssDNA (Figure 4c) shows
that the observed change in fluorescence anisotropy as a function
of Pifl concentration is described well by this model.

By sequence homology, Pif1 is classified as member of the SF1-
B (5 to 3’ polarity of unwinding) family of helicases, where the
Escherichia coli RecD helicase is the best-studied member (3, 76,
36—38). It has been proposed that Pif1 is the prototype member
of a subfamily of helicases whose homologues can be found from
yeast to humans (3, 37, 38). Interestingly, quantitative studies of
two SF1 helicases from E. coli, UvrD and Rep (belonging to the
SF1-A subgroup on the basis of their 3’ to 5’ polarity for unwinding),
indicate that these helicases form dimers on DNA (31, 39—45).
The dimeric form of UvrD and Rep is proposed to be the minimal
functional species responsible for unwinding in vitro, while
monomers do not unwind dsDNA but are able to translocate
on ssDNA (39—44). In this respect, our observation that, like
UvrD and Rep, Pifl dimerizes on DNA opens the possibility that
regulation of the oligomeric state of Pif1 on DNA can lead to dif-
ferent functions of Pif1 as a dimer or monomer (see below) (46).

Pifl Dimerizes on dsDNA Substrates with a 5'- or 3'-
ssDNA Tail. In the concentration range examined, Pifl does not
interact with blunt-ended dsDNA and a 5'-ssDNA tail of at least
four nucleotides is needed to form a complex with dsDNA
substrates. Pifl dimerizes on dsDNA with 5-ssDNA tails of
different lengths, suggesting that the presence of the duplex
region does not affect the mode of binding. Rather, as compared
to the binding of ssDNA of the same length, the presence of the
duplex region stabilizes the formed Pifl dimer (Figure 4b and
R.G. and S.B.-M., in preparation). Pifl is a 5’ to 3’ helicase, and
dsDNA with 5-ssDNA tails are substrates for unwinding by
Pif1 (2, 12, 16). Under conditions of excess of Pif1 relative to the
DNA utilized for unwinding experiments (Supporting Informa-
tion and refs 2 and /6), a dimer of Pif1 is bound to the substrate,
suggesting that a dimeric form of Pifl might be responsible for its
helicase activity. Indeed, in the presence of nonhydrolyzable ATP
analogues, the mode of Pifl binding is unaltered (Figure 6b).
Thus, the data suggest that on these substrates a dimer of Pifl
forms the pre-initiation complex (ATP bound but no hydrolysis),
leading to its unwinding activity.

Interestingly, we observe DNA-induced dimerization of Pifl
also on dsDNA with a 3'-ssDNA tail. However, because of the 5’
to 3' polarity of Pifl helicase activity, these substrates are not
unwound (data not shown) (2, 12, 16). These data suggest that
although a Pifl dimer is formed on the substrate it is not in a
complex productive for unwinding, possibly due to an “inverted”
orientation on the ssDNA.

Pif1 Forms Stable Dimers on Fork-dsDNA. The observa-
tion that Pif1 dimerizes on dSDNA with either a 5'- or 3'-ssDNA
tail suggests that multiple molecules of Pif1 could bind to fork-
dsDNA substrates. This is not what we observe. On fork-DNA
substrates, a Pif1 dimer is formed in a manner independent of the
length of the ssDNA tails, suggesting that dimerization prevents
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the binding of additional Pifl molecules. These substrates are
efficiently unwound by Pif1 (2, 16). Our data suggest that on
fork-dsDNA Pif1 forms a dimer on the 5'-ssDNA tail and that
the presence of the 3'-ssDNA tail leads to further stabilization of
the complex. Studies of the unwinding reaction by Pif] suggest
that the presence of a 3'-ssDNA tail in the substrate leads to an
overall increase in the efficiency of the reaction (/6). Indeed, a
stable dimer of Pifl is detected on fork-dsDNA both with
sedimentation velocity and with equilibrium analytical ultra-
centrifugation techniques (Figure 7). With excess Pifl relative
to fork-dsDNA (with equal lengths of the ssDNA tails), the
complex sediments with an sy, value larger than that expected
for a single Pifl molecule bound to this DNA. In fact, an
intermediate s, value (between those of Pifl alone and a dimer
of Pifl on the substrate) is observed at lower Pifl:DNA loading
ratios, where a single molecule of Pifl is expected to bind to the
fork-dsDNA. Interestingly, using velocity and equilibrium ultra-
centrifugation methods we have not been able to detect stable
dimers of Pifl formed on the short ssDNA studied (5—14
nucleotides). It is possible that for these ssDNA lengths the
DNA is not long enough to make contact with the second
molecule of the dimer (Figure 4a), resulting in a complex that
in the AUC experiments is not stable under the applied forces and
relatively high viscosity of our buffer conditions. Indeed, we
observe (data not shown) higher-molecular weight complexes of
Pifl with longer ssDNA (e.g., 24-mer). However, in this case,
either two Pifl molecules may bind next to each other on the
lattice or both Pif1 molecules in the dimer may make contact with
the ssDNA, thus leading to stabilization of a complex that can be
detected with AUC experiments. The situation is different for
fork-dsDNA substrates where a stable dimer of Pif1 is detected
both with sedimentation velocity and with equilibrium analytical
ultracentrifugation techniques. This suggests the 3'-ssDNA tail
and the duplex region are sufficient to stabilize the dimer on the
substrate.

Implications of Pifl Dimerization for Its Function. As
mentioned above, our observation that Pif1 dimerizes on DNA
opens the possibility that different functional activities of Pif1 can
be achieved by modulation of its oligomeric state on nucleic acid.
For example, upon formation of a Pifl dimer on DNA the
complex now has two nucleotide binding sites. It is possible that
binding of ATP or ADP to either or both sites leads to an
allosteric regulation of DNA binding and dimerization. In the
presence of saturating concentrations of nonhydrolyzable ATP
analogues, a dimer of Pif1 is formed on the unwinding substrates
(Figure 6b). However, allosteric modulation by ATP and ADP
could lead to a different effect on the DNA binding and
dimerization depending on the structure of the DNA (e.g.,
ssDNA vs tailed-dsDNA vs forked-dsDNA). Also, similar to
other members of the SF1 class of helicases (e.g., UvrD and Rep),
it is possible that regulation of the oligomeric state of Pifl on
DNA could lead to different activities (e.g., helicase vs trans-
locase). Under conditions where a dimer is formed on unwinding
substrates ([Pifl] > [DNA]), Pifl has helicase activity (refs 2
and /6 and the Supporting Information). Whether a monomer
also has helicase activity remains an open question we are
investigating; however, it is tempting to speculate that the
functional form of Pif1 responsible for its unwinding activity is
a dimer, while a monomer might be able to translocate only along
ssDNA.

Finally, we show in this study that DNA-induced dimerization
of Pifl occurs on homodeoxynucleotides. A similar behavior is
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observed on ssDNA of random sequence (Figure 6a), although
the detailed energetics are different (R.G. and S.B.-M., in
preparation). However, in its function at telomeres, Pifl will
interact with the highly G-rich ssDNA at the 3’-end of the
chromosome. In S. cerevisiae, the sequence of the 3'-ssDNA
overhang of telomeres is dictated by the sequence of the template
region of the telomerase RNA, leading to an irregular array of
repeats, with a general consensus sequence G,—3(TG);—¢ (47, 48).
Whether the peculiar sequence composition or possible higher-
order structures of the telomeric ssDNA affect the binding and
dimerization of Pifl and thus its role at telomeres is currently
unknown.
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