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Abstract: One of the advantages of surface plasmon resonance is its sensitivity and real-time analyses
performed by this method. These characteristics allow us to further investigate the interactions
of challenging proteins like Rap1-interacting factor 1 (Rif1). Rif1 is a crucial protein responsible
for regulating different cellular processes including DNA replication, repair, and transcription.
Mammalian Rif1 is yet to be fully characterized, partly because it is predicted to be intrinsically
disordered for a large portion of its polypeptide. This protein has recently been the target of research
as a potential biomarker in many cancers. Therefore, finding its most potent interacting partner is of
utmost importance. Previous studies showed Rif1’s affinity towards structured DNAs and amongst
them, T6G24 was superior. Recent studies have shown mouse Rif1 (muRif1) C-terminal domain’s
(CTD) role in binding to G-quadruplexes (G4). There were many concerns in investigating the Rif1
and G4 interaction, which can be minimized using SPR. Therefore, for the first time, we have assessed
its binding with G4 at nano-molar concentrations with SPR which seems to be crucial for its binding
analyses. Our results indicate that muRif1-CTD has a high affinity for this G4 sequence as it shows a
very low KD (6 ± 1 nM).

Keywords: mouse Rap1-interacting factor 1; G-quadruplex; surface plasmon resonance; molecular
interaction; dissociation constant (KD)

1. Introduction

Bio-sensing platforms can be used for early diagnosis and monitoring of pathological
conditions such as cancer diseases e.g., it may significantly improve prognosis and survival
rates [1]. Biosensors represent excellent analytical tools for the research on potential
biomarker candidates to analyze the two partners’ affinity towards each other. Among the
different biosensing techniques, plasmonic platforms can be used to investigate different
classes of biomolecules of clinical interest [1]. The SPR technique has been proven to be one
of the most versatile frameworks for biosensors applications in different scientific areas.
SPR biosensors provide excellent analytical performance owed to their label-free, real-time
approach [2].

For each bio-sensing platform, the interacting partners and their affinity are very
crucial in determining the specificity and screening of the suitable partner to be embedded.
Also, to screen a suitable drug amongst the candidates which can prevent the molecule of
interest from functioning or interfering with its normal role. As the relation between Rif1
and human diseases such as cancers and some hereditary diseases is confirmed in recent
studies, therefore this protein could be considered as a future biomarker [3–5].

Rap1-interacting factor 1 (Rif1) was originally discovered in budding yeast as a protein
that interacts with the telomeric DNA-binding protein, Rap1 [6]. It is conserved from yeast
to mammals [7,8]. Mammalian Rif1 has diverse roles in DNA repair and replication fork,
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by accumulating at DNA double-stranded breaks (DSBs) [9,10], and at stalled replication
forks [11], respectively. Another key conserved function of Rif1 is the global regulation
of replication timing [12–14]. It was shown that not only DNA replication, but also other
chromosome transactions are regulated by the chromatin architecture generated by Rif1 [11].
It is suggested that chromatin architecture formation by Rif1, is performed through its
interaction with G-quadruplex (G4) DNA [15].

In the 2418 amino acid polypeptide of the muRif1, there are two conserved re-
gions reported. The ~1000-amino acid N-terminal domain (NTD) known to constitute
HEAT/Armadillo repeats [9] was reported to be required for accumulation of Rif1 at DSB
sites [16] and the ~350-amino acid C-terminal domain (CTD) [7] is necessary for Rif1 to
interact with phosphoprotein phosphatase 1 (PP1) [8,17,18]. Due to the weak similarity
of its CTD to the C-terminal domain of RNA polymerase α-subunit, it was assumed that
this region is a DNA-binding domain [7]. It was recently reported that both N-terminal
and C-terminal domains individually bind to G4, although both domains are required for
high-affinity binding to G4 [19].

Previously it was reported that Rif1 from fission yeast (Shizosaccharomyces pombe,
SpRif1) binds G4 with high specificity and affinity [15], and a recent study showed that
the purified murine Rif1 is also capable of interacting with G4 [19]. Its specificity for G4
structures suggests that structure-specific DNA binding plays a conserved and important
role in Rif1 function [20]. G4 structures have been associated with replication origins and it
was reported that they are important for origin firing in the model replication origins in
DT40 cells [21,22].

Many studies are ongoing to investigate the most effective partner of Rif1 which, varies
from cruciform to G-quadruplexes [15,19,20,23]. Recent studies are enforcing the latter
molecule to be binding Rif1 with higher affinity [15,19,20,23,24]. However, all the analyses
conducted until now have been by the gel shift method. Therefore, we are investigating the
G4-interacting property of Rif1 with its most potent reported partner, i.e., T6G24 [15,19,23]
by a more sensitive method of SPR.

Here, we have expressed muRif1-CTD in E. coli and tried to increase the solubility
of the recombinant protein using the SUMO-fused tag. It was also reported that Rif1
itself is SUMOylated specifically in the G phase of the cell cycle [25]. The functionality of
the purified protein, i.e., its interaction with G4 was examined through gel shift assays.
Furthermore, we designed an SPR based platform, to quantitatively analyze the interaction
between SUMO-muRif1-CTD and G4.

2. Materials and Methods
2.1. MuRif1-CTD Expression, Solubility Testing

Both pPal vector (Bio-Rad, USA) and pETite™ N-His SUMO vector (Lucigen Corpora-
tion, Middleton, WI) were implemented for expressing muRif1-CTD which respectively
add profinity eXact and SUMO tags at the N-terminal of the protein.

Strategies examined in the solubilization of muRif1-CTD protein were categorized in
three major groups depending on the factors changed or added during the induction and
lysis stage. These groups were:

• Different buffers and additives were explored to obtain the best condition for cell lysis;
• Diverse additives were incorporated during the expression of muRif1-CTD to the

culture medium after induction by IPTG;
• Various induction methods.

Protein expression and solubility examination were conducted through SDS-PAGE
analyses by the Laemmli method [26]. For this purpose, bacterial culture was harvested
after induction and the bacterial pellet was sonicated seven times (7 s on, 30 s off) in the
lysis buffer in each condition. The lysate was centrifuged at 12,000× g for 20 min and the
supernatant was collected for the solubility analyses. The pellet after centrifugation was
also examined to assure that the protein was expressed, and it was in its insoluble form, if
not present in the supernatant fraction.
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2.2. Protein Purification and Tag Removal Analyses

Luria Bertani (LB) medium containing 30 µg/mL kanamycin was inoculated with
a selected positive colony of BL21 containing the desired gene. The culture was grown
overnight at 37 ◦C and shaken at 220 rpm. One hundred milliliters of LB medium was
inoculated by 1% of the pre-culture. After reaching OD600nm 0.7–0.9, IPTG was added to
a final concentration of 1 mM. Shaking was continued at 37 ◦C for 3 h. The culture was
harvested at 4000× g for 15 min. The pellet was resuspended in the lysis buffer (Tris-HCl
50 mM, 1 M NaCl, pH 7.4, 20 mM Imidazole). Sonication (7 s on, 30 s off) was repeated
seven times. The lysate was centrifuged at 12,000× g for 20 min and the supernatant was
collected for the purification step.

The SUMO-muRif1-CTD construct has 6× His tags at the N-terminal, and it was puri-
fied through immobilized metal affinity chromatography (IMAC) with nickel NTA (nickel
agarose) resin (Qiagen Hilden, Germany). Purification was performed by equilibrating the
column with the same buffer as the lysis buffer, i.e., Tris-HCl 50 mM, 1 M NaCl pH 7.5,
20 mM imidazole with 1 mL/min flow rate. The protein of interest was stripped off the
column with 250 mM of imidazole. For SPR analyses, NaCl salt was replaced with KCl. All
fractions were collected and analyzed by SDS-PAGE.

Using Amicon-10 kDa or Micron-10 kDa (Millipore, Billerica, MA, USA), purification
buffer was exchanged with the cleavage buffer condition for SUMO Expresso® protease
(Lucigen, Middleton, WI, USA), i.e., 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol
to cleave the tag (for stability reasons, we were forced to increase the salt to 500 mM
NaCl). With the addition of fresh dithiothreitol (DTT) to a final concentration of 2 mM
in the exchanged buffer, the cleavage condition was obtained. One unit of protease per
10–100 µg of the fusion protein was added. The mixture was incubated at 30 ◦C for 1 h, or
at 4 ◦C overnight (both conditions were analyzed). The cleavage reaction was loaded on the
nickel NTA column once again to remove the SUMO tag, any remaining un-cleaved fusion
protein, and the protease itself which was His-tagged. Target protein in the flow-through
was collected for further investigation.

2.3. G4 Formation Investigations

Synthesized sequence capable of G4 formation was dissolved in water for injection
(WFI) and stored at −20 ◦C to a final concentration of 100 µM. G-quadruplex structures
generation was performed by heat denaturing–renaturing treatment. The putative G4
structure sequence was heat-denatured at 90 ◦C for 5 min at 4 µM concentration and then
diluted by 20 mM Tris-HCl pH 7.5 and 100 mM KCl to 1 µM and gradually cooled to room
temperature over 2 h [15,27,28]. G4 formation with the same procedure in the presence of
100 mM MgCl2 was also examined.

G-quadruplex structure formation detection was carried out through 3,6-Dimethyl-2-
(4-dimethylaminophenyl) benzothiazolium cation (ThT) fluorescence [27,28] and Circular
Dichroism (CD) spectroscopy [29] was used to assess the type of G4 formed.

The concentration of ThT was calculated using the molar extinction coefficient of
36,000 M−1 cm−1 in water at 412 nm and a stock of 5 mM was prepared. A mixture of ThT
and oligonucleotide at final concentrations of 1 and 0.5 µM was prepared at room tempera-
ture. The 1:1 highly fluorescent complexes were predominant having fluorescence emission
maximum at 490 nm after excitation at 425 nm [27] in the fluorescence spectrophotometer
(LS 55, Perkin Elmer Co., Waltham, MA, USA). Fluorescence scans were performed every
2 nm between 450 and 700 nm under excitation at 425 nm.

CD spectra were recorded on Jasco J-715 spectropolarimeter (Tokyo, Japan) using a
1-cm path length quartz cuvette in a reaction volume of 300 µL at 20 ◦C. Scans from 220 to
320 nm were performed with a rate of 200 nm/min, 1 nm pitch, and 1 nm bandwidth. The
DNA concentration was 5 µM. For each experiment, an average of two scans was taken,
the spectrum of the buffer with 20 mM Tris-HCl and 100 mM KCl was subtracted, and the
data were zero-corrected at 320 nm. This experiment was repeated with HEPES buffer in
place of Tris-HCl as this buffer was used as the binding buffer for our further analyses.
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2.4. Electrophoretic Mobility Shift Assay (EMSA) Set Up for G4/muRif1-CTD
Interaction Detection

Setting up the EMSA assays was conducted through optimizing different polyacry-
lamide gel electrophoresis (PAGE) conditions and visualization methods (data not shown
here). The procedure for execution of EMSA was that muRif1-CTD and G4 were incubated
in the binding buffer at 30 ◦C for 30 min. The whole reaction was loaded onto PAGE,
and the gel was run at 60 V for 2 h in 1× TBE (different other running buffers had also
been tested, including; 1× TBE + 10% Glycerol + 50 mM KCl and 1× TBE + 50 mM KCl).
SUMO-muRif1-CTD was incubated with G4 in the same condition. Furthermore, another
protein with a molecular mass of 35 kDa which was previously incorporated into the same
vector in our lab, was used as a control to assess whether the SUMO part of the protein is
interacting with the G4 structure or this interaction is nonspecific. This experiment was
performed with the same conditions as for muRif1-CTD and SUMO-muRif1-CTD.

2.5. Interaction Analyses by SPR

MuRif1-CTD and G4 interaction analyses were performed using the Xantec SR7500
instrument (Germany), equipped with an automatic flow injection system. The instrument
detects changes in the refractive index as the micro-refractive index (µRIU), which is
proportional to the quantity (mass) of analyte interacting with the surface. The streptavidin
pre-treated sensorchip surface was washed with 60 s aliquots of 50 mM NaOH to remove
loosely retained streptavidin. Biotinylated G4 structures at 5′-end previously formed
(please refer to section G4 formation investigations) and confirmed by CD analyses were
immobilized on a chip and used as bait in SPR analysis. Streptavidin–Biotin coupling was
conducted at 25 nM concentration of G4 at 20 µL/min only on one flow cell. The capturing
level was set to 100 µRIU. The unbound ligand was washed away through consecutive
injections of 1 M KCl in running buffer. Running buffer was 20 mM HEPES pH 7.4, 500 mM
KCl with 0.005% (w/v) Tween 20, and the chip surface was maintained at 25 ◦C (note: the
same running buffer with lower KCl concentration and without detergent was also tested).

A key factor in determining the kinetic constants by the SPR method is that the free
protein concentration in the matrix should quickly equilibrate with the flow solution. The
binding reaction is considered to be mass transfer limited if the association reaction is
much faster than mass transport. Therefore, the interaction kinetics is considered to be
true if the transport is fast and the association is slow. Therefore, the mass transport rate
is a critical factor that must be considered. To minimize the mass transport limitation, it
is recommended to use a higher flow rate (≥50 µL/min) and low surface densities of the
immobilized ligand.

The interaction between G4-DNA (as a ligand) and the purified SUMO-muRif1-CTD
was analyzed at four different concentrations at 100 µL/min flow rate. The association
phase was followed up for 60 s, while the dissociation phase was further observed for at
least 120 s. The experiment conditions were optimized and the resultant sensorgrams for
each interaction were analyzed using the Scrubber® analysis program (BioLogic Software
Pty. Ltd., Canberra, Australia) according to the 1:1 Langmuir ligand model and kinetic
parameters were estimated by fitting the data using the same program. The specificity of
the biosensor was evaluated by using another SUMO-tagged protein with approximately
the same molecular weight partner protein (Uricase) as muRif1-CTD as a control. Moreover,
in the process of each analysis, a few buffer injections without any analyte were used as
a blank.

3. Results
3.1. Prokaryotic Expression and Purification of SUMO-muRif1-CTD

The muRif1-CTD was successfully cloned into the prokaryotic vector containing the
profinity eXact™ or SUMO tag at its N-terminal. This was confirmed with the double
digestion and sequencing of the inserted gene amplified by colony PCR.
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Different methods have been utilized to solubilize muRif1-CTD. Table 1 summarizes
all the measures attempted and the result achieved from each action. Both supernatant
and pellet after sonication of bacteria expressing the muRif1-CTD were analyzed through
SDS-PAGE. Overall, among all the methods tried out, other than incorporating the sarcosyl
detergent, urea, and SUMO solubilizing tag, none yielded any significant increase in the
solubility of this protein.

Table 1. MuRif1-CTD solubilization strategies and their effect.

Strategy Agent Used Result

Buffer type and pH Tris and Phosphate 25 mM
pH range: 6–8. Insoluble

Lysis buffer Additives

Salts: NaCl (100 mM), KCl (100 mM), ammonium sulfate
(100 mM and 500 mM), sodium acetate (100 mM). Insoluble

Urea (0.1, 0.5 M) 1

Amino acids: Arg (375 mM), Arg (1 M), Glu (5 mM), Asp
(50 mM), Glycine-betaine (10, 100 and 1000 mM),

Arg+Gly (each 50 mM).
Insoluble

Reducing Agents: 2-ME (0.05%), DTT (5 mM). Insoluble
Detergents: Triton X-100 (0.2% and 1% (v/v)), SDS (0.1%

(w/v)), Sarcosyl (0.1–0.3% (w/v)) 2 Insoluble

Fatty Acid: Glycerol (5 and 10% (v/v)). Insoluble
Sugars: Trehalose (0.5 M), sorbitol (0.5 M), sorbitol +

trehalose+Arg (each 50 mM). Insoluble

Induction condition

Culture media (TB, LB). Insoluble
Time of induction (3, 6, and 18 h) for MuRif1-CTD 270 aa

and 221 aa. Insoluble

Temperatures (18 ◦C, 25 ◦C, 37 ◦C), and heat shock. Insoluble
Effect of temperature and time of induction combination.

Effect of medium, temperature and time of
expression combination.

Insoluble

Different IPTG concentrations (0.1, 0.25, 0.5, 1, and 2 mM).
Different IPTG concentrations (0.01, 0.1, 0.5 mM) and

time of induction (12, 20, and 24 h).
Insoluble

Induction methods (Lactose in place of IPTG). Insoluble
OD for induction (0.8, 1, and 1.2) and glucose addition. Insoluble

Hosts (BL21, BL21 (DE3), Rosetta gami, BL21 (DE3)
pLyse) with different time of induction. Insoluble

Induction additives

Amino acid: Arg (0.5 M). Insoluble
Alcohol: Ethanol (3% v/v). Insoluble

Sugar: Trehalose (0.5 M), sorbitol (0.5 M) and a mixture
of trehalose, sorbitol and Arginine, Betain (100 mM) Insoluble

Solubilization tag SUMO Soluble
1 Urea at higher concentrations of 2 M above was able to solubilize the protein but the refolding was not successful
and the protein was not stabilized well. 2 Sarcosyl was able to solubilize the protein at concentrations above 0.2%
w/v but the detergent was attached to the structure.

Expression of SUMO tagged protein was conducted at 37 ◦C for 3 h in terrific broth
(TB) medium under 220 rpm agitation. These conditions resulted in the protein being in its
insoluble form (Figure 1a). To resolve this issue, the expression temperature was decreased
to 18 ◦C for 20 h (Figure 1a). The amount of IPTG for expression remained at 0.5 mM. With
these conditions, a fairly good amount of SUMO-muRif1-CTD protein was obtained in the
soluble portion of the cell lysate (supernatant), and this amount seemed to be sufficient to
further experiment with this protein.
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muRif1-CTD harboring bacterium expressed in 37 °C with IPTG after lysis. (b) SDS-PAGE analysis 
with colloidal Coomassie Brilliant Blue staining for purification of SUMO-muRif1-CTD by nickel 
NTA affinity chromatography. Purification was performed with the same lysis buffer in which 
bacterial cell was lysed (Tris-HCl 50 mM, 300 mM NaCl, 20 mM imidazole) and eluted with different 
imidazole concentrations. M: Marker; lane 1–3: Elution fractions 60 mM of imidazole; lane 5–8: 
Elution fractions 250 mM of imidazole. The arrow indicates the position of the recombinant His-
tagged SUMO-muRif1-CTD (41 kDa), which migrates at approximately 55 kDa. (c) Cleavage of 
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Figure 1. SUMO-muRif1-CTD expression and purification analyses. (a) Analyses of SUMO-muRif1-
CTD expression in E. coli BL21 (DE3): Expression condition was T.B medium, 1 mM IPTG in 37 ◦C and
18 ◦C for 24 h. Samples were subjected to SDS-PAGE and stained with colloidal Coomassie Brilliant
Blue. M: Marker; lane 1: Supernatant of SUMO-muRif1-CTD harboring bacterium expressed in
18 °C induced with IPTG after lysis; lane 2: Supernatant of SUMO-muRif1-CTD harboring bacterium
expressed in 37 ◦C induced with IPTG after lysis; lane 3: Pellet of SUMO-muRif1-CTD harboring
bacterium expressed in 18 ◦C with IPTG after lysis; lane 4: Pellet of SUMO-muRif1-CTD harboring
bacterium expressed in 37 ◦C with IPTG after lysis. (b) SDS-PAGE analysis with colloidal Coomassie
Brilliant Blue staining for purification of SUMO-muRif1-CTD by nickel NTA affinity chromatography.
Purification was performed with the same lysis buffer in which bacterial cell was lysed (Tris-HCl
50 mM, 300 mM NaCl, 20 mM imidazole) and eluted with different imidazole concentrations. M:
Marker; lane 1–3: Elution fractions 60 mM of imidazole; lane 5–8: Elution fractions 250 mM of
imidazole. The arrow indicates the position of the recombinant His-tagged SUMO-muRif1-CTD
(41 kDa), which migrates at approximately 55 kDa. (c) Cleavage of CTD-SUMO by Lucigen SUMO
Expresso® protease. Cleavage condition was Tris-HCl pH 8, 150 mM NaCl, 1 mM DTT and 10%
glycerol. M: Marker; lane 1: Cleavage reaction without protease (supernatant); lane 2: Cleavage
reaction with protease (supernatant); lane 3: Cleavage reaction with protease (pellet); lane 4 and 5:
Purified muRif1-CTD after cleavage.
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SUMO-muRif1-CTD eluted from IMAC and fractions containing purified protein were
analyzed by SDS-PAGE. Although the protein could be eluted by 60 mM imidazole, 250 mM
imidazole was used for the elution step to obtain more concentrated fractions (Figure 1b).
The protein was ~99% pure based on the SDS-PAGE analysis (Figure 1b). Theoretically,
SUMO-tagged muRif1-CTD has a molecular weight of ~41 kDa, but it migrates at ~50 kDa
in the gel (Figure 1b). This is not only because of the SUMO tag which migrates slower in
the gel [30], but also the CTD movement itself that has been reported to be retarded in the
gel [19].

The results of the cleavage with His-tagged Expresso® SUMO protease suggested
that after 30 min or overnight incubation of the protease nearly 50% of the protein was
in its insoluble form. Using the second step of nickel affinity chromatography, protease,
SUMO tag, and other small impurities present in the cleavage reaction were removed and
cleaved protein, i.e., SUMO less muRif1-CTD remained in the flow-through (Figure 1c).
The Purity of muRif1-CTD was analyzed by SDS-PAGE. Theoretically, muRif1-CTD protein
has a molecular mass of 29 kDa but this protein migrated at 35 kDa in the gel.

3.2. G4 Formation Investigation

It was expected for the T6G24 sequence to form a parallel G4 structure (Figure 2a).
Results for G4 formation analyses of the biotinylated nucleotide sequence are presented in
(Figure 2b,c). Biotinylation did not affect the G4 formation, and in the presence of this tag,
the G4 structure was formed.
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Figure 2. G4 formation analysis. (a) G-Quadruplex structure (left) and schematic representation of
main folding topology formed by the G4 structure used in this experiment (T6G24) in vitro (right).
(b) CD analysis of non-biotinylated (solid lines) and biotinylated (dashed lines) T6G24 sequence
formed in the presence of KCl. (c) Fluorescence analysis of non-biotinylated (solid lines) and biotiny-
lated (dashed lines) T6G24 sequence formed in the presence of KCl.
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A characteristic circular dichroism (CD) spectral profile with a positive band at around
260 nm and a negative band near 240 nm was observed in the CD spectrum of the G4
sequence (T6G24) showing a parallel G4 structure that is usually formed in the presence of
K+ for the sequence (Figure 2b).

G4 formation analyses of the T6G24 sequence by fluorescence analyses using the ThT
method showed an increase in the 490 nm emission of the mixture containing ThT and G4
formation (Figure 2c). The G4 sequence with 4 µM concentration was used for these analy-
ses. Moreover, using a higher concentration of G4 resulted in higher fluorescence emittance.

It was revealed that the peak pertaining to G4 formation was not seen for the G4
formed in the presence of MgCl2. Using MgCl2 did not aid in creating any topology for
the G4 sequence (data not presented) as Mg2+ seems to destabilize the formation of G4
structures. Moreover, the G4 structures formed by this sequence may be composed of both
inter and intra-molecular G-quadruplexes. G4 formation curves were generated using
GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA).

3.3. Surface Plasmon Resonance Investigations

To further kinetically analyze the affinity of T6G24 with SUMO-muRif1-CTD, SPR
analysis was performed with one flow cell unmodified as a reference and the other flow cell
with immobilization of the G4 structures (sensing channel) to achieve equilibrium binding
constant KA from the direct measurements of complex association (ka) and dissociation
(kd) rates in real time. Biotinylated formed G4 structures were successfully immobilized
on the sensorchip pre-coated with streptavidin till 100 µRIU. Different concentrations
of purified SUMO-muRif1-CTD (3.75, 7.5, 15, 30 nM) diluted in running buffer injected
showed that the response was increased using higher concentrations of SUMO-muRif1-
CTD (Figure 3a). The response obtained is from deducing the signal of the sensing channel
from the reference channel. It was revealed that reducing the KCl concentration caused
the multimerization/aggregation of SUMO-muRif1-CTD, and to maintain the status of the
protein, KCl had to be present at least at 500 mM concentration and be freshly prepared.
On the other hand, it was shown that the interaction did not occur in the presence of higher
concentrations of KCl (750 mM and 1000 mM) in the sample buffer while maintaining
500 mM KCl in the sample and running buffer stabilized both SUMO-muRif1-CTD protein
and the complex formation. Analyses of multimerized/aggregated SUMO-muRif1-CTD
in 50 mM KCl displayed higher maximum response (Rmax) in comparison to responses
achieved from the so-called dimeric form.
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Figure 3. (a) Binding kinetic fitting of experimental SPR sensorgrams (grey dashed lines) with
corresponding Langmuir 1:1 ligand model simulation (black solid lines) for G4 and SUMO-muRif1-
CTD interaction. Running buffer was 20 mM HEPES pH 7.4, 500 mM KCl, the association time
was 60 s and flow rate in all the analyses was 100 µL/min. SUMO-muRif1-CTD concentration was
3.75, 7.5, 15 and 30 from bottom to top. The inset indicates the residual plots for these analyses.
(b) Steady-state fitting of the sensorgrams. The inset indicates the difference sensorgram of the control
protein injected for checking the specificity of the sensorchip prepared.



Biosensors 2022, 12, 37 9 of 12

Moreover, injection of a control protein with nearly the same molecular mass attached
to the SUMO tag showed that this protein was unable to interact and the sensorgram did
not show any difference in the channels’ sensorgrams detected (Figure 3b).

By fitting the difference sensorgrams (i.e., the response subtracted from the reference
to remove the bulk refractive index) using a 1:1 binding model, the kinetic data were
calculated. The data were fitted on both a mass transfer limited model (km (3.0 ± 0.2)108)
and Langmuir model where no mass transfer constant was included. As the KD reported
by two models were very close to each other we report the data where no mass transfer
constant is incorporated. The data for SUMO-muRif1-CTD and G4 interaction in 500 mM
KCl concentration were only fitted and the two other conditions could not be fitted by the
software. The km (m: mass transfer) value was calculated to be higher than the ka which
shows that the mass transfer limitation did not affect the ka value and the association of
SUMO-muRif1-CTD to G4. Moreover, the results of the equilibrium and kinetic analyses
revealed approximately the same KD value (within their range of errors) which again
confirms that the binding condition was not limited by mass transfer (Table 2).

Table 2. Binding kinetics and thermodynamic parameters of G4/muRif1-CTD from SPR analysis.

ka(M−1 s−1) kd (s−1)
KD (nM)

Rmax
1

Response
Standard
Deviation

∆G◦bind
2(kcal/mol) *Kinetic Fit Steady-

State Fit

(4.2 ± 0.2)
106

0.030 ±
0.001 7.1 ± 0.4 6 ± 1 99 ± 2 4.856 −11.123 ±

0.05
1 The average of the squared differences between the measured data points and the corresponding fitted values.
2 ∆G◦bind = RT lnKD. * kcal/mol = 4.184 kJ/mol.

The KD value obtained from kinetic evaluation was used for calculating the thermody-
namic parameter, ∆G◦binding, using the equation:

∆G◦binding = RT lnKD,

where R is the universal gas constant, KD is the dissociation constant, T is the temper-
ature in Kelvin, and ∆G◦binding is the changes in Gibb’s free energy due to the binding
of muRif1-CTD to immobilized G4. Effective binding free energy of −11.123 kcal/mol
(−46.496 kJ/mol) was determined for the G4 and SUMO-muRif1-CTD SPR binding analy-
ses kinetic data. Table 2 reports kinetic and thermodynamic parameters.

4. Discussion

Being a crucial protein in DNA replication and repair [11,31], Rif1’s molecular func-
tions need to be dissected in order to understand how exactly this protein regulates many
cellular processes. Previously, Rif1 and its different domains were expressed in a mam-
malian expression system using 293T cells in a convenient and affordable method [19].
The main issue with expressing this protein is that it is predicted to be largely unstruc-
tured [20], and the purification of full-length Rif1 or its domains is very difficult [19].
Furthermore, the amount of protein expressed in the native source was very less, and its
purification to sufficient quantities was not achieved totally as this protein is associated
with the nuclear lamina.

There are many investigations on structured DNAs which interact with the DNA-binding
domain of Rif1 including, forked DNA, flap DNA, and cruciform structures [7,15,20]. Compe-
tition assays executed by other researchers revealed that the G24 DNA sequence—which
is known to form a parallel-type G-quadruplex structure—is bound to Rif1 with higher
affinity than other structured DNAs [15,23]. Moriyama et al. used the T6G24 sequence
for the EMSA assays and mentioned that the G4 concentration used in their study would
be too low to determine convincing KD values for truncated muRif1 proteins, and they
reperformed the tests with higher probe (G4) concentrations which resulted in KD values
of 33, 61.9, and 18.1 nM for, respectively, 8.33, 16.7 and 38.9 nM probe concentrations [19].
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Overall, the considerations to be cautious in Rif1 and G4 interaction studies include;
Rif1 protein instability when expressed in prokaryotes [7], Rif1 low expression level in
the eukaryotic host [19], G4 oligomerization and its effect on Rif1 binding to G4 [19], and
Rif1 domains oligomerization and its impact on the interaction [15,19,23]. For the above-
mentioned reasons, we propose the benefits of SPR in real-time and would be able to
investigate the interaction and perceive more on what is occurring by online monitoring.

In this study, we attempted to overcome the concerns mentioned above and have
implemented the advantages of the SPR method to analyze the interaction of the muRif1-
CTD domain with the T6G24 sequence. We present a new strategy for expressing muRif1-
CTD in its soluble form in E. coli. We aimed to overcome or minimize the issue presented
by Xu et al. for muRif1-CTD expressed in prokaryotes using the maltose-binding protein
(MBP) tag which is self-associated [7]. As we also used MBP (data not yet published), we
confirm that the SUMO tag seems to be better in maintaining muRif1-CTD in its soluble
and stable form.

Moreover, the preliminary investigations for muRif1-CTD interaction with G4 both
with and without the tag were performed by EMSA assays. The analysis of both purified
muRif1-CTD and SUMO-muRif1-CTD revealed that they could bind to the G4 structure,
but there seems to be no interaction detected for muRif1-CTD in the presence of non-G4
structures. To confirm that the experimental conditions were not faulty and had given
a false positive, we have used a control protein with nearly the same molecular mass
attached to the SUMO tag and investigated its interaction with G4. This protein was unable
to interact, and the band for G4 was clearly visible after the binding reaction was completed.
Therefore, it was revealed that G4 interacts with Rif1, not the SUMO tag.

Our SPR analyses show that, like many other DNA protein interactions, this interac-
tion was mass transfer limited too, and we have taken the required measures, i.e., using
lower ligand concentration in capturing phase, increasing the flow rate to overcome this
phenomenon. Additionally, in our SPR analyses, it seemed that SUMO-muRif1-CTD could
interact with each other on the chip surface (data not presented here). In this study, reducing
the salt concentration yielded higher signal values, and it is suggested that maybe the salt
concentration is one of the decisive factors for protein oligomerization/aggregation status.

Our study confirmed the previous studies stating the high affinity of mammalian
Rif1-CTD for parallel T6G24 G4 structure [15,19,20,23]. These results were quantitatively
confirmed by a more accurate approach such as SPR. This interaction was salt-dependent,
and higher concentrations of salt inhibited the interaction. Salt concentration in the running
buffer was important in the dissociation phase as reducing the salt decreased the dissocia-
tion rate. Therefore, the results presented here were specific to the SPR condition stated.
This result was lower than other studies with the same G4 structure for KD calculation by
the gel shift assay as the study was performed by a more precise method [19,24].

Moreover, we have studied the muRif1-CTD (analyte) and G4 (ligand) interaction via
the SPR method, which is very accurate and globally accepted for ka and kd reporting.
These kinetic values are important not only for understanding the action mechanism of
this protein in interaction with its partner, but also to further proceed with the screening
of drug candidates. The rates of drug−target complex formation (ka) and breakdown (kd)
are important in drug discovery studies which is one of our reasons for investigating the
kinetics of this binding. Since ka and kd depend on the difference in free energy between
the ground and transition states of the binding reaction coordinate, efforts to improve drug
potency may have unpredictable effects on the kinetics of drug–target complex formation
and breakdown.

SPR analyses conducted here were for SUMO-tagged muRif1-CTD. One of the ad-
vantages of the SUMO tag—either as a fusion tag or as a cellular modification—is that it
will mostly not have any adverse impact on the conformation of the proteins [32–35]. It
was shown that SUMOylation of some repair-associated cellular proteins such as Rad1 [36]
and Rad52 [37] decreased their DNA-binding affinity and facilitated their dissociation
from DNA. In other studies, it was shown that SUMOylation of Yku70 and Oct4, enhances
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its DNA-binding affinity [38,39]. It would be interesting to analyze the possible effect of
SUMOylation on conformational changes in Rif1, in our future studies.

5. Conclusions

In summary, designing and setting up a platform for the expression of Rif1 or each
of its domains is very important in achieving suitable amounts of Rif1 protein for the
structural analysis of this protein. At the same time, analysis of Rif1 interaction with
G4 DNA and other cellular proteins quantitatively can create a suitable basis for future
practical studies such as drug discovery or biomarker investigation studies.
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Canny, M.D.; et al. A Cell Cycle-Dependent Regulatory Circuit Composed of 53BP1-RIF1 and BRCA1-CtIP Controls DNA Repair
Pathway Choice. Mol. Cell 2013, 49, 872–883. [CrossRef]

17. Hendrickx, A.; Beullens, M.; Ceulemans, H.; Abt, T.D.; Van Eynde, A.; Nicolaescu, E.; Lesage, B.; Bollen, M. Docking Motif-Guided
Mapping of the Interactome of Protein Phosphatase-1. Chem. Biol. 2009, 16, 365–371. [CrossRef]

18. Bollen, M.; Peti, W.; Ragusa, M.J.; Beullens, M. The extended PP1 toolkit: Designed to create specificity. Trends Biochem. Sci. 2010,
35, 450–458. [CrossRef]

19. Moriyama, K.; Yoshizawa-Sugata, N.; Masai, H. Oligomer formation and G-quadruplex binding by purified murine Rif1 protein,
a key organizer of higher-order chromatin architecture. J. Biol. Chem. 2018, 293, 3607–3624. [CrossRef]

20. Sukackaite, R.; Jensen, M.R.; Mas, P.J.; Blackledge, M.; Buonomo, S.; Hart, D.J. Structural and Biophysical Characterization of
Murine Rif1 C Terminus Reveals High Specificity for DNA Cruciform Structures. J. Biol. Chem. 2014, 289, 13903–13911. [CrossRef]

21. Shi, T.; Bunker, R.; Mattarocci, S.; Ribeyre, C.; Faty, M.; Gut, H.; Scrima, A.; Rass, U.; Rubin, S.; Shore, D.; et al. Rif1 and Rif2 Shape
Telomere Function and Architecture through Multivalent Rap1 Interactions. Cell 2013, 153, 1340–1353. [CrossRef] [PubMed]

22. Valton, A.; Hassan-Zadeh, V.; Lema, I.; Boggetto, N.; Alberti, P.; Saintomé, C.; Riou, J.-F.; Prioleau, M. G4 motifs affect origin
positioning and efficiency in two vertebrate replicators. EMBO J. 2014, 33, 732–746. [CrossRef] [PubMed]

23. Masai, H.; Fukatsu, R.; Kakusho, N.; Kanoh, Y.; Moriyama, K.; Ma, Y.; Iida, K.; Nagasawa, K. Rif1 promotes association of
G-quadruplex (G4) by its specific G4 binding and oligomerization activities. Sci. Rep. 2019, 9, 8618. [CrossRef] [PubMed]

24. Kobayashi, S.; Fukatsu, R.; Kanoh, Y.; Kakusho, N.; Matsumoto, S.; Chaen, S.; Masai, H. Both a Unique Motif at the C Terminus
and an N-Terminal HEAT Repeat Contribute to G-Quadruplex Binding and Origin Regulation by the Rif1 Protein. Mol. Cell. Biol.
2019, 39, e00364-18. [CrossRef] [PubMed]

25. Kumar, R.; Cheok, C.F. Dynamics of RIF1 SUMOylation is regulated by PIAS4 in the maintenance of Genomic Stability. Sci. Rep.
2017, 7, 17367. [CrossRef]

26. Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

27. Gabelica, V.; Maeda, R.; Fujimoto, T.; Yaku, H.; Murashima, T.; Sugimoto, N.; Miyoshi, D. Multiple and Cooperative Binding
of Fluorescence Light-up Probe Thioflavin T with Human Telomere DNA G-Quadruplex. Biochemistry 2013, 52, 5620–5628.
[CrossRef]

28. De La Faverie, A.R.; Guédin, A.; Bedrat, A.; Yatsunyk, L.A.; Mergny, J.-L. Thioflavin T as a fluorescence light-up probe for G4
formation. Nucleic Acids Res. 2014, 42, e65. [CrossRef] [PubMed]

29. Carvalho, J.; Queiroz, J.A.; Cruz, C. Circular Dichroism of G-Quadruplex: A Laboratory Experiment for the Study of Topology
and Ligand Binding. J. Chem. Educ. 2017, 94, 1547–1551. [CrossRef]

30. Zuo, X.; Mattern, M.R.; Tan, R.; Li, S.; Hall, J.; Sterner, D.E.; Shoo, J.; Tran, H.; Lim, P.; Sarafianos, S.G.; et al. Expression and
purification of SARS coronavirus proteins using SUMO-fusions. Protein Expr. Purif. 2005, 42, 100–110. [CrossRef] [PubMed]

31. Yoshizawa-Sugata, N.; Yamazaki, S.; Masai, H. Rif1, a Conserved Chromatin Factor Regulating DNA Replication, DNA Repair,
and Transcription. In The Initiation of DNA Replication in Eukaryotes; Kaplan, D.L., Ed.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 143–158. [CrossRef]

32. Butt, T.R.; Jonnalagadda, S.; Monia, B.P.; Sternberg, E.J.; Marsh, J.A.; Stadel, J.M.; Ecker, D.J.; Crooke, S.T. Ubiquitin fusion
augments the yield of cloned gene products in Escherichia coli. Proc. Natl. Acad. Sci. USA 1989, 86, 2540–2544. [CrossRef]

33. Malakhov, M.P.; Mattern, M.R.; Malakhova, O.A.; Drinker, M.; Weeks, S.; Butt, T.R. SUMO fusions and SUMO-specific protease
for efficient expression and purification of proteins. J. Struct. Funct. Genom. 2004, 5, 75–86. [CrossRef] [PubMed]

34. Butt, T.R.; Edavettal, S.C.; Hall, J.P.; Mattern, M.R. SUMO fusion technology for difficult-to-express proteins. Protein Expr. Purif.
2005, 43, 1–9. [CrossRef]

35. Creton, S.; Jentsch, S. SnapShot: The SUMO System. Cell 2010, 143, 848.e1. [CrossRef]
36. Kolesar, P.; Sarangi, P.; Altmannova, V.; Zhao, X.; Krejci, L. Dual roles of the SUMO-interacting motif in the regulation of Srs2

sumoylation. Nucleic Acids Res. 2012, 40, 7831–7843. [CrossRef]
37. Altmannova, V.; Eckert-Boulet, N.; Arneric, M.; Kolesar, P.; Chaloupkova, R.; Damborsky, J.; Sung, P.; Zhao, X.; Lisby, M.; Krejci, L.

Rad52 SUMOylation affects the efficiency of the DNA repair. Nucleic Acids Res. 2010, 38, 4708–4721. [CrossRef]
38. Wei, F.; Schoöler, H.R.; Atchison, M.L. Sumoylation of Oct4 Enhances Its Stability, DNA Binding, and Transactivation. J. Biol.

Chem. 2007, 282, 21551–21560. [CrossRef]
39. Hang, L.E.; Lopez, C.R.; Liu, X.; Williams, J.M.; Chung, I.; Wei, L.; Bertuch, A.A.; Zhao, X. Regulation of Ku-DNA Association by

Yku70 C-terminal Tail and SUMO Modification. J. Biol. Chem. 2014, 289, 10308–10317. [CrossRef]

http://doi.org/10.1016/j.molcel.2013.01.001
http://doi.org/10.1016/j.chembiol.2009.02.012
http://doi.org/10.1016/j.tibs.2010.03.002
http://doi.org/10.1074/jbc.RA117.000446
http://doi.org/10.1074/jbc.M114.557843
http://doi.org/10.1016/j.cell.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23746845
http://doi.org/10.1002/embj.201387506
http://www.ncbi.nlm.nih.gov/pubmed/24521668
http://doi.org/10.1038/s41598-019-44736-9
http://www.ncbi.nlm.nih.gov/pubmed/31197198
http://doi.org/10.1128/MCB.00364-18
http://www.ncbi.nlm.nih.gov/pubmed/30510058
http://doi.org/10.1038/s41598-017-16934-w
http://doi.org/10.1038/227680a0
http://doi.org/10.1021/bi4006072
http://doi.org/10.1093/nar/gku111
http://www.ncbi.nlm.nih.gov/pubmed/24510097
http://doi.org/10.1021/acs.jchemed.7b00160
http://doi.org/10.1016/j.pep.2005.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15939295
http://doi.org/10.1007/978-3-319-24696-3_8
http://doi.org/10.1073/pnas.86.8.2540
http://doi.org/10.1023/B:JSFG.0000029237.70316.52
http://www.ncbi.nlm.nih.gov/pubmed/15263846
http://doi.org/10.1016/j.pep.2005.03.016
http://doi.org/10.1016/j.cell.2010.11.026
http://doi.org/10.1093/nar/gks484
http://doi.org/10.1093/nar/gkq195
http://doi.org/10.1074/jbc.M611041200
http://doi.org/10.1074/jbc.M113.526178

	Introduction 
	Materials and Methods 
	MuRif1-CTD Expression, Solubility Testing 
	Protein Purification and Tag Removal Analyses 
	G4 Formation Investigations 
	Electrophoretic Mobility Shift Assay (EMSA) Set Up for G4/muRif1-CTD Interaction Detection 
	Interaction Analyses by SPR 

	Results 
	Prokaryotic Expression and Purification of SUMO-muRif1-CTD 
	G4 Formation Investigation 
	Surface Plasmon Resonance Investigations 

	Discussion 
	Conclusions 
	References

