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Background: Mammalian Rifl is a regulator of DNA replication timing and repair.

Results: We characterized DNA binding by Rifl C terminus and identified the critical residues.
Conclusion: Rifl shows a highly selective binding of DNA cruciform structures.

Significance: This is a step forward in the understanding of Rifl functions.

Mammalian Rif1 is a key regulator of DNA replication timing,
double-stranded DNA break repair, and replication fork restart.
Dissecting the molecular functions of Rifl is essential to under-
stand how it regulates such diverse processes. However, Rifl is a
large protein that lacks well defined functional domains and is
predicted to be largely intrinsically disordered; these features
have hampered recombinant expression of Rifl and subsequent
functional characterization. Here we applied ESPRIT (expres-
sion of soluble proteins by random incremental truncation), an
in vitro evolution-like approach, to identify high yielding solu-
ble fragments encompassing conserved regions I and II (CRI and
CRII) at the C-terminal region of murine Rifl. NMR analysis
showed CRI to be intrinsically disordered, whereas CRII is
partially folded. CRII binds cruciform DNA with high selec-
tivity and micromolar affinity and thus represents a func-
tional DNA binding domain. Mutational analysis revealed an
a-helical region of CRII to be important for cruciform DNA
binding and identified critical residues. Thus, we present the
first structural study of the mammalian Rifl, identifying a
domain that directly links its function to DNA binding. The
high specificity of Rifl for cruciform structures is significant
given the role of this key protein in regulating origin firing
and DNA repair.
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Rifl was initially identified as a telomeric protein in budding
yeast, where it regulates telomerase access to the shortest
telomeres (1-4). In Saccharomyces cerevisiae, Rifl telomeric
binding depends upon its interaction with the sequence-spe-
cific DNA-binding protein Rap1. In contrast to the yeast ortho-
logue, mammalian Rifl is not involved in telomere mainte-
nance but has diverse roles in DNA repair and replication.
Mammalian Rifl was reported to accumulate at DNA double-
stranded breaks (DSBs)* (5, 6) and stalled replication forks (7).
Recently, it was further shown that mammalian Rif1 is impor-
tant for DSB repair pathway choice. In G; phase of the cell cycle,
Rifl is recruited to DSB by P53BP1 and promotes nonhomolo-
gous end joining. In S phase, when sister chromatids are pres-
ent, BRCA1 antagonizes Rifl accumulation, ensuring a switch
to the less error-prone homologous recombination pathway
(8-12). We and others have demonstrated that global regula-
tion of replication timing is a key evolutionary conserved func-
tion of Rifl. In fission yeast, human, and mouse cells, the
absence of Rifl causes extensive deregulation of the temporal
order of activation of replication origins (13—15). All these
studies clearly indicate that this protein plays an important
function in multiple aspects of DNA metabolism. Furthermore,
in mammalian cells, Rifl is found in the insoluble nuclear
matrix fraction (14, 15), where DNA replication factories and
repair foci are organized (16, 17). Because of this association
with the insoluble nuclear fraction, it is technically challenging
to address in vivo the questions of whether and how Rif1 binds
DNA; similarly, it is also not possible to purify significant quan-
tities of active material from the native source necessitating a
recombinant approach.

There are two conserved regions (CR) in the murine Rifl
(2418 amino acids): an N-terminal ~1000-amino acid region
and a C-terminal ~350-amino acid region (5, 18). These medi-

4The abbreviations used are: DSB, DNA double-stranded break; ESPRIT,
expression of soluble proteins by random incremental truncation; CR, con-
served region; HSQC, heteronuclear single quantum coherence.
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ate protein-protein and protein-nucleic acid interactions,
although functional mapping of domains or regions is limited.
It was reported that Rifl requires its N terminus to accumulate
at DSB sites (11), whereas the C terminus is required for inter-
action with BLM helicase (18). The N terminus of Rifl is pre-
dicted to form 21 HEAT-type a-helical repeats (5, 18), whereas
the C-terminal region comprises three smaller parts: CRI, CRII,
and CRIII (see Fig. 14). CRI contains the canonical phospho-
protein phosphatase 1 (PP1) docking motif RVXF (RVSF in
Rif1) together with a conserved SILK motif that has been iden-
tified as an additional binding motif necessary for a subset of
phosphoprotein phosphatase 1-binding proteins (19-21). CRII
is assumed to be a DNA binding domain due to its weak simi-
larity with the C-terminal domain of RNA polymerase a-sub-
unit (18). The C terminus of human Rifl, when expressed in
Escherichia coli as a maltose-binding protein (MBP) fusion pro-
tein, bound DNA with some preference for branched structures
but showed a tendency for self-association or aggregation (18).
Although the maltose-binding protein fusion of Rifl C termi-
nus was useful in EMSA, this protein material is less appropri-
ate for analytical and structural methods requiring large quan-
tities of monodisperse purified protein. Recently, a crystal
structure of the S. cerevisiae Rifl C terminus (4) revealed a
tetramerization function; however, it is unclear whether this is
found in mammalian homologues.

To understand better the distinct functionalities of the mam-
malian Rifl C-terminal region, we sought well behaving con-
structs spanning these conserved regions that could be pro-
duced at the multi-milligram quantities needed for biophysical
and structural analyses including NMR. However, the low level
of annotation, predicted absence of conserved globular
domains, and high level of intrinsic disorder prevent construct
design using conventional bioinformatics tools. We circum-
vented this problem by using the high throughput ESPRIT
technology (22, 23), an in vitro evolution-type approach, to
screen ~28,000 discrete truncated variants of the ~350-amino
acid C-terminal region. In this way, we identified mammalian
Rifl protein fragments that could be labeled isotopically and
used in the elucidation of structure-specific DNA binding by
NMR. These well behaving constructs showed none of the
aggregation problems observed previously (18) and revealed a
strong selective binding to cruciform structures, but not to the
closely related branched DNA. Although the in vivo functions
of cruciform DNA are poorly understood, they have been asso-
ciated with replication origin firing, promoter melting, and
recombination intermediates (24). Thus, our data represent an
important step forward in the understanding of the contribu-
tion of Rifl DNA binding to the general Rifl function.

EXPERIMENTAL PROCEDURES

High Throughput Screening for Solubility—The region cod-
ing for mouse Rifl (GenBank™: AAR87833.2) residues 2025—
2418 was codon-optimized and synthesized by DNA2.0. The
ESPRIT process was performed as described (22, 25) following
subcloning of this fragment into pESPRIT002, a pET9a (Nova-
gen)-derived vector that provides two restriction site pairs for
directional exonuclease III truncation, an upstream tobacco
etch virus protease-cleavable hexahistidine tag and a down-
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stream biotin acceptor peptide. The first unidirectional trunca-
tion of the Rifl gene was performed from the 5’ terminus as
described (22, 25). Linearized plasmids were recircularized by
ligation and recovered by transformation of E.coli Machl
ultracompetent cells (Life Technologies). Plasmid DNA was
then extracted from about 10,000 pooled colonies and sub-
jected to a second unidirectional truncation from the 3’ termi-
nus. Following this second step, plasmids containing inserts
between 300 and 1200 nucleotides (potentially encoding pro-
tein inserts of 100 —400 amino acids) were excised from agarose
gel and recovered by transformation of Machl. Plasmids from
~60,000 pooled colonies were purified, yielding a library of
random but size-focused inserts. For analysis of expressed pro-
tein products, competent E. coli BL21 Al cells containing the
RIL plasmid (Stratagene) were electroporated with the plasmid
library. Approximately 28,000 clones were picked robotically
and arrayed on nitrocellulose membranes. Protein expression
was induced by transferring membranes to fresh agar plates
containing 0.2% w/v arabinose and then colony filters prepared
by NaOH lysis (22, 25). The colony blot was probed for the
presence of expressed proteins bearing both N-terminal and
C-terminal tags, thereby confirming correct frame, absence of
proteolysis, and putative solubility of expressed proteins from
individual colonies, the latter correlating with the efficiency of
in vivo biotinylation of the biotin acceptor peptide. Detection
was performed using a primary antibody against the N-terminal
hexahistidine tag with corresponding Alexa Fluor 532 second-
ary antibody (Life Technologies) and Alexa Fluor 488 strepta-
vidin (Life Technologies) against the C-terminal in vivo bioti-
nylated biotin acceptor peptide. Membranes were imaged using
a Typhoon imaging system (GE Healthcare) with colony fluo-
rescence intensities measured with VisualGrid software (GPC
Biotech). Clones with detectable hexahistidine tags were
ranked according to their biotinylation signal; the first 96 most
intense clones were expressed in small scale 4-ml cultures fol-
lowed by Ni*"-affinity chromatography and SDS-PAGE (26).
Clones exhibiting a clearly visible band of purified protein after
Coomassie Blue staining of gels were selected for DNA
sequencing to determine construct boundaries and for subse-
quent scale-up expression and purification following deletion
of the biotin acceptor peptide.

Purification of Rifl Fragments—The Rifl protein fragments
CRI (2093-2190), CRII (2226-2340), CRI+II (2090-2316),
and CRII+III (2226 -2418) were expressed in E. coli BL21 Al
(RIL). Cells grown in TB medium until A,,; ~0.6 were induced
by the addition of 0.2% w/v arabinose for 20 h at 25 °C. The
pellets were lysed by sonication in 50 mm sodium phosphate
(pH 7.4) containing 300 mm NaCl and protease inhibitor cock-
tail (Roche Applied Science), and the cleared extracts were
loaded on TALON resin (Clontech Laboratories). The eluted
proteins were incubated at 4 °C with tobacco etch virus prote-
ase overnight to remove the hexahistidine tag. The fragments
CRIL, CRI+II, and CRII+III were dialyzed against a buffer A
(20 mm Tris-HCI, 200 mm NaCl and 1 mm DTT, pH 7.5), and
loaded on a heparin-Sepharose column (GE Healthcare). The
CRI construct was further purified by gel filtration on a Super-
dex 75 column (GE Healthcare) in buffer A. Mutations were
introduced using the QuikChange kit (Stratagene).

SASBMB

VOLUME 289-NUMBER 20-MAY 16, 2014



TABLE 1

Oligonucleotides used to form DNA substrates by annealing

(H1+HS5), double-stranded DNA; (H1+H4), Y-shaped DNA; (H1+H3.5+H4),
flap; (H1+H2.5+H3.5+H4), fork; (H1+H2+H3+H4), cruciform.

Name Sequence

H1 GTGACCGTCTCCGGGAGCTGGAAACGCGCGAGACGAAAGG
H5 CCTTTCGTCTCGCGCGTTTCCAGCTCCCGGAGACGGTCAC
H4 CGAGTTGCTCTTGCCCGGCGCAGCTCCCGGAGACGGTCAC
H3.5 CGCCGGGCAAGAGCAACTCG

H2.5 CCTTTCGTCTCGCGCGTTTC

H2 CCTTTCGTCTCGCGCGTTTCGCCAGCCCCGACACCCGCCA
H3 TGGCGGGTGTCGGGGCTGGCCGCCGGGCAAGAGCAACTCG

Gel Mobility Shift Assay—DNA substrates were prepared by
annealing the oligonucleotides (Table 1) described previously
(18, 27). Oligonucleotide H1 was synthesized with a 5'-Alexa
Fluor 488 dye label. The proteins were incubated with 1 um
labeled DNA in binding buffer (25 mm Tris-HCI, 4 mm
MgCl,, 50 mm KCl, 1 mm DTT, 0.1 mg/ml BSA, 5% glycerol,
pH 7.5) for 10 min. The indicated amounts of unlabeled
DNA were added for the competition assay. The mixtures
were resolved on 6% polyacrylamide gels in 0.5X Tris/
Borate/EDTA buffer (TBE).

For determination of the dissociation constant (K ), mix-
tures were prepared containing protein (from 0.3 to 120 um)
and cruciform DNA (0.3 or 1 um). The samples were analyzed
by fluorescence imaging with quantification of the lanes using
ImageQuant software (GE Healthcare). The K, values were cal-
culated by fitting data to the equation (28)

y={so+x+K; —[(so + x + K)* — 4sox]*}/2 (Eq.1)

Here, y is the concentration of protein-DNA complex (um) at
the total protein concentration x, and s, is the total DNA con-
centration in the binding mixture. Each K, was determined
twice, and the average value was calculated.

NMR—RIifl fragments were labeled in M9 minimal
medium containing ['*N]ammonium chloride with or with-
out ["®*Cglglucose and purified as above. The samples were
concentrated to 100-330 uM in NMR buffer (50 mm sodium
phosphate, 200 mm NaCl, 1 mm DTT, pH 6.8). NMR measure-
ments were performed at 10 °C for CRI and 25 °C for CRII on
Varian spectrometers operating at a 'H frequency of 600 or 800
MHz. The interactions of CRII and DNA were studied by the
addition of DNA to the *N- or '°N,'*C-labeled protein. The
spectra were recorded for a 1:1.5 molar excess of cruciform
DNA and 1:1 molar ratio of dsDNA. The 'H-"*N heteronuclear
single quantum coherence (HSQC) spectrum of the complex
between CRII and cruciform DNA was assigned using a set of
triple resonance experiments: HNCO, intraresidue HN(CA)CO,
HN(CO)CA, intraresidue HNCA, HN(COCA)CB, and intraresi-
due HNCACEB (29).

RESULTS

Identification of Soluble Rifl-C Fragments—W e applied the
in vitro evolution-like ESPRIT technology (22) to identify solu-
ble Rifl C-terminal fragments (Fig. 1B8). DNA encoding the C
terminus of Rif1 (residues 2025-2418) was randomly truncated
at both ends to generate a diverse construct library. About
28,000 clones were picked and arrayed onto a nitrocellulose
membrane and probed for signals from the N-terminal hexa-
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FIGURE 1. A, conserved regions in mammalian Rif1. The conserved N terminus
is predicted to form 21 HEAT-type repeats, and there are three conserved
regions at the C terminus: CRI, which contains phosphoprotein phosphatase
1-binding motifs, CRII, which could be a DNA binding domain, and CRIIl. B,
high throughput library screening for soluble Rif1 fragments. The region cod-
ing for residues 2025-2418 was subjected to exonuclease Ill truncation from
both termini to generate a library for expression screening in colony blot
format. The clones showing the highest signals from both biotin acceptor
peptide (BAP) and hexahistidine tag (His) were selected for small scale expres-
sion followed by Ni?*-affinity chromatography.

histidine tag and the C-terminal biotin acceptor peptide. The
highest ranking 96 positive clones were expressed in liquid cul-
ture and analyzed using small scale affinity purification. Twen-
ty-eight expressed soluble purifiable proteins were clearly visi-
ble by Coomassie Blue-stained SDS-PAGE. DNA sequencing
identified the construct boundaries with all positive clones
showing the correct native reading frame despite only one in
nine constructs of the naive library being in-frame with the
flanking tags (polypeptides with >100 amino acids arising from
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FIGURE 2. A, disorder prediction for murine Rif1 by DISPROT (30) (blue), IUPred (31, 32) (red), and PrDos (33) (green) servers. A probability value higher than 0.5
indicates a tendency to be unfolded. The approximate boundaries of the conserved regions are shown below. B, resistance of Rif1 fragments to aggregation
after heating. Rif1 fragments at 0.5 mg/ml were incubated at 90 °C for 10 or 30 min and spun down afterward. The supernatants were analyzed by SDS-PAGE.
C, analytical gel filtration of Rif1 fragments. Chromatography was performed on a Superdex 75 column in buffer containing 20 mm Tris-HCl (pH = 7.5 at 25 °C),
200 mm NaCl,and 1 mm DTT. The apparent Stokes radii (R,) values were calculated by interpolation from the standard curve obtained using a set of Stokes radii
standards. K,,: measured partition coefficient; K, = (V, — V,)/(V, — V,) where V, is elution volume, V, is void volume, and V, is total volume. D, two-dimensional
"H-">N HSQC NMR spectra of '*N-labeled CRI and CRII. The dispersion of resonances in the "H dimension shows that CRI is intrinsically disordered (indicated
by blue arrow), whereas CRII contains both a folded region as well as disordered parts. The spectra of CRl and CRIl were acquired at 10 and 25 °C, respectively.

alternative reading frames are virtually nonexistent due to high  masses observed by SDS-PAGE than calculated from their
stop codon frequency). We selected fragments for study that sequences; intrinsically disordered proteins are typically sized
corresponded to the Rifl C-terminal conserved regions (Fig. 1.2—1.8-fold larger (35). CRI (10.8 kDa) migrated as a ~15-kDa
1B): CRI, CRIL and a fragment spanning through both these protein (Fig. 2B), whereas CRII (12.9 kDa) and CRI+II (25.0
regions (CRI+II). No soluble constructs containing CRIII were  kDa) also migrated slowly. Secondly, the apparent Stokes radii
obtained from the screen, although once subcloned as a fusion  calculated from gel-filtration elution volumes for CRI, CRII,
to the identified CRII fragment (CRII+III), small amounts and CRI+II were increased as compared with spherical stan-
could be purified. dard proteins of similar molecular mass (Fig. 2C and Table 2); this
Characterization of Rifl-C Fragments—According to the likely resulted from unstructured regions (36). Finally, intrinsi-
DISPROT (30), IUPred (31, 32), and PrDos (33) disorder pre- cally disordered proteins often possess high resistance toward
dictors, more than half of Rif1 is intrinsically disordered. Folded  heat denaturation and aggregation (35). CRI remained in solu-
regions are predicted at the N terminus (HEAT repeat region) tion after 30 min at 90 °C, whereas CRII and CRI+II were less
and at the very C terminus of Rifl (CRII and CRIII) (Fig. 2A) heat-resistant (Fig. 2B), in agreement with the prediction of
where there are also short interaction motifs (2116-2122, some degree of CRII structure.
2149-2172, and 2243-2248) predicted via ANCHOR (34). To characterize the structural disorder of Rifl fragments in
Thus, CRI is predicted to be unfolded, whereas CRII and CRIII more detail, we recorded two-dimensional "H-'>N HSQC
may be partially folded. NMR spectra of *’N-labeled CRI and CRII (Fig. 2D). The reso-
The recombinant Rif1-C fragments showed behaviors typical nances in the CRI spectrum showed very little chemical shift
of intrinsically disordered proteins, with higher molecular dispersion in the '"H™ dimension, confirming that CRI is intrin-
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sically disordered. The larger dispersion for CRII chemical
shifts in the "H" dimension indicates that the CRII fragment
contains both folded and unstructured regions.
Structure-specific DNA Binding—The C terminus of human
Rifl (residues 2250-2466) was previously reported to bind
branched DNA and Holliday junction-type structures, with a
low affinity for single-stranded DNA (18). Using the constructs

TABLE 2
Apparent Stokes radii (R,) and molecular masses of Rif C-terminal frag-
ments determined by analytical size exclusion chromatography

Aprotinin, ribonuclease A, carbonic anhydrase, ovalbumin, and conalbumin (GE
Healthcare) were used as Stokes radii standards.

Molecular Apparent Apparent
Protein mass” R, R, molecular mass
kDa A A kDa
CRI 10.8 23 28
CRII 12.9 21 24
CRI+1I 25.0 29 48
Aprotinin 6.50 13 11 6.1
Ribonuclease A 13.7 16 17 14
Carbonic anhydrase ~ 29.0 20 23 28
Ovalbumin 44.0 30 28 45
Conalbumin 75.0 36 36 72

“ Calculated from amino acid sequence.
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CRI, CRIL CRI+CRII, and CRII+III, we used EMSA to perform
a detailed DNA binding study of the mouse Rifl C terminus.
Employing EMSA allowed us to discriminate cruciform struc-
ture-specific and nonspecific DNA binding by competition
with unlabeled oligonucleotides, and additionally provided
approximate and relative binding affinities. The CRII fragment
formed a micromolar affinity (K, = 2.0 = 0.23 uM) complex
with cruciform DNA (Fig. 3, A and B). Almost no binding of
CRII to single-stranded, double-stranded DNA, splayed arm, 3’
flap, or fork structures was observed under the same conditions
(Fig. 3A). A titration experiment revealed that CRII remains
bound to labeled cruciform in the presence of 25-fold excess of
unlabeled single-stranded, double-stranded, or other branched
DNA (Fig. 4). These results show that CRII is a structure-spe-
cific DNA binding domain with a higher specificity toward cru-
ciform DNA than previously observed. The CRI fragment,
which is as positively charged as CRII (pI = 9.14 and 9.21,
respectively), showed almost no binding to DNA (Fig. 34).
However, the CRI+1I fragment bound cruciform DNA with the
same specificity (Figs. 34 and Fig. 4) and four times higher
affinity (K, = 0.5 = 0.05 um) than CRII (Fig. 3B), suggesting
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FIGURE 3. DNA binding by Rif1-C fragments. A, fluorescently labeled DNA fragments at a concentration of 1 um were mixed with 1; 1.5; 2; 3; 5; and 8 um Rif1-C
fragments. The mixtures were resolved in native gels as described under “Experimental Procedures.” B, calculation of the dissociation constant (K,) values for
Rif1 fragments by fitting data from gel mobility shift assay as described under “Experimental Procedures.” Each K, was determined twice and the average value

calculated.
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FIGURE 4. Competition gel-shift assay. The proteins (5 um CRIl or 3 um CRI+11)
were incubated with 1 um labeled Holliday junction DNA in presence of 0; 0.2; 1;
5; and 25 um unlabeled single-stranded, double-stranded, Holliday junction,
splayed arm, 3’ flap, or fork DNA (indicated below the relevant lanes). The mix-
tures were resolved as above.
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that CRI may further stabilize the complex. CRII+III showed
slightly lower affinity to cruciform DNA (K, = 3.0 £ 1.1 um,
Fig. 3B) than CRII alone (K, = 2.0 = 0.23 uMm). Also, although
CRII and CRI+II formed a single complex with cruciform
DNA, several complexes were observed with CRII+IIIL. Similar
behavior was also reported for human CRII+III (18). In conclu-
sion, our data indicate that the Rifl C-terminal CRII region
mediates DNA binding with a remarkable preference for cruci-
form structures, and this may be further enhanced by CRI.
Structural Analysis of the CRII/DNA Interaction Region—
The preference for cruciform DNA observed in this study offers
new insights into Rifl function and the potential for selectively
inhibiting this interaction, either by mutation or via an inter-
fering molecule. To this end, it was of interest to determine
which residues within Rifl CRII directly interact with DNA.
Thus, we recorded a two-dimensional *H-'*N HSQC spectrum
of ®N-labeled CRII in the presence of cruciform DNA. Com-
parison with the HSQC spectrum of CRII recorded without
DNA revealed that a significant fraction of the resonances dis-
appear from the spectrum in the presence of cruciform DNA,
whereas the remaining resonances were unperturbed and
retained their chemical shift values (Fig. 5A4). The former cor-
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FIGURE 5. Analysis of CRII binding to cruciform DNA by NMR. A, superposition of the "H-">N HSQC spectra of '>N-labeled CRII (red) and °N-labeled CRIl in
the presence of cruciform DNA (blue). The spectra were acquired at 25 °C. B, superposition of the "H-">N HSQC NMR spectra of '>N-labeled CRII (red) and
">N-labeled CRIl in the presence of 12-bp DNA. The spectra were acquired at 25 °C. C, DNA binding region in Rif1 CRIl. Interacting residues identified by NMR
analysis are highlighted in red, and residues subjected to mutations are shown in bold.
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FIGURE 6. Effects of mutations on DNA binding by Rif1 CRIl. The wild type
(Wt) and mutant proteins were mixed with 1 um labeled cruciform DNA and
loaded on native gels. The K, values were determined by gel mobility assay as
described under “Experimental Procedures.” The affinity of mutant proteins
to cruciform DNA is shown as the percentage of wild type. Error bars indicate
mean * S.D.

Affinity to cruciform DNA, %

respond to the residues directly involved in the CRII interaction
with cruciform DNA, and from the dispersion of the NMR sig-
nals that disappear, it is clear that the DNA interacts with a
folded region within CRII. A second experiment was performed
with CRII and double-stranded DNA; here no major differ-
ences between the HSQC spectra were observed (Fig. 5B), con-
firming that CRII binding is cruciform-specific.

The NMR assignment of the spectrum of CRII in complex
with DNA revealed that the DNA binding region of CRII is
located at residues 2246 2315 in mouse Rifl (Fig. 5C). Inter-
estingly, this region aligns closely with that identified by Xu
et al. (18) on the basis of sequence alignment of Rif1 C terminus
with the «CTD domain of bacterial RNA polymerase o (2256 —
2315). In this previous study, based upon sequence alignments,
clusters of residues were simultaneously mutated, confirming
the role of the entire region in DNA binding. We took a con-
trasting approach and systematically substituted every lysine
and arginine by alanine within the NMR-identified binding
region of CRII (Fig. 5C) to identify and/or confirm the contri-
bution of individual residues in DNA binding. All mutant pro-
teins harboring single amino acid changes were still able to
form a complex with cruciform DNA; however, the affinity
decreased at least two times for each of them (Figs. 6 and Fig. 7).
However, when the two mutations with the most pronounced
effect, R2294A and K2303A, were combined, the double-mu-
tated protein lost its ability to bind cruciform DNA (Fig. 6). In
summary, these results not only identify and characterize struc-
turally the region 2246 —2315 in mouse Rifl, revealing it to be a
structure-specific DNA binding domain, but also pinpoint the
residues crucial to this function. Intriguingly, this region shows
weak sequence similarity with the recently crystallized C-ter-
minal tetramerization domain from budding yeast Rif1 (4). We
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did not observe any CRII oligomers in solution (Table 2), so it is
unclear whether this is significant in the murine homologue.

DISCUSSION

Mammalian Rifl is an essential nuclear protein involved in
DNA repair and replication. Recent studies revealed that Rif1 is
a regulator of both DNA replication timing (14, 15) and path-
way choice during DSB repair (8 —12). However, the identifica-
tion of Rifl molecular function has been limited by challenges
encountered while producing recombinant material for in vitro
studies. Mammalian Rifl is a large protein (=2400 residues)
that does not contain any well defined functional domains.
Moreover, more than half of Rifl is predicted to be intrinsically
disordered. Sequence analysis indicates that the N terminus of
Rif1 forms a scaffold of HEAT-type a-helical repeats, whereas
the middle region and much of the C terminus remain unfolded
(Fig. 2A). To address problems of designing constructs in
unstructured proteins, we applied the ESPRIT technology, pre-
viously used only on folded targets (22, 23), to identify well
behaving fragments in the conserved, but largely unstructured
C-terminal region of mouse Rifl (Fig. 1). As such, this study
provides the first example of application of an in vitro evolu-
tion-type method to generate functional protein constructs
from large intrinsically disordered proteins for structural,
biophysical, and biochemical characterization. The screen-
ing revealed two regions (CRI and CRII) that can be
expressed solubly at quantities and qualities suitable for
structural and functional studies in vitro. Biophysical char-
acterization of these protein fragments revealed that, as pre-
dicted, parts of the Rifl C terminus are intrinsically disor-
dered. CRI is completely unfolded, whereas CRII contains
both folded and unfolded regions.

The C terminus of human Rifl was previously reported to
bind various branched DNA structures iz vitro (18); therefore
we performed a detailed study of DNA binding using the new
Rif1-C fragments to localize precisely the functional regions
and critical residues therein. EMSA assays with various DNA
substrates showed the CRII region to bind cruciform DNA
with micromolar affinity and with a higher degree of speci-
ficity than previously reported (18). It is not known yet
whether there is any sequence preference in cruciform bind-
ing. In addition, although not directly involved in contacting
the DNA, the CRI region contributes to the affinity of DNA
binding by CRII. NMR analysis showed that CRII residues
22462315 are involved in the interaction with cruciform
DNA and guided alanine mutagenesis experiments that
identified Arg-2294 and Lys-2303 as key residues in DNA-
protein interactions.

These results, when taken together, show that the conserved
region CRII of mammalian Rifl contains a selective structure-
specific DNA binding domain. Its specificity for cruciform
structures suggests that structure-specific DNA binding plays a
conserved and important role in Rifl function. Although the
biological significance of this finding is still unclear, these data
will assist the design of cellular and animal-based experiments
that may help uncover why and when Rifl binds DNA during
cellular function. Cruciform DNA arises naturally from
inverted sequence repeats that can be further stabilized by
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FIGURE 7. Calculation of the dissociation constant (K,) values for Rif1 CRIl mutants by fitting data from gel mobility shift assay as described under
“Experimental Procedures.” Each K, was determined twice, and the average value was calculated.

supercoiling. In addition to well characterized junction-resolv-
ing enzymes, a number of proteins have been reported to inter-
act with cruciform DNA and are involved in regulation of tran-
scription, DNA replication, and repair. These include PARP1,
BRCA1, HMG family proteins, P53, 14-3-3, and many other
proteins (reviewed in Ref. 24). Few affinity data are available;
however, the DNA binding domains of BRCA1 (37, 38) and
HMGBI (39, 40) bind cruciform structures with a similar affin-
ity to Rif1 CRIL

Over-representation of inverted repeats in the vicinity of
breakpoint junctions, promoter regions, and at sites of rep-
lication initiation suggests that cruciform structures may be
important in many biological processes, notably DNA repair
and initiation of DNA replication (24, 41). These data sup-
port a model in which Rifl mediates the association of other
proteins or complexes, perhaps via its N-terminal HEAT

13910 JOURNAL OF BIOLOGICAL CHEMISTRY

repeat region, with these DNA structural elements using a
C-terminal DNA binding domain.
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