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Abstract: Fluorescent nucleic acid base mimics serve as ex-
cellent site-specific and real-time reporters of the local and
global dynamics. In this work, using the fluorescent guanine
mimic 6-methylisoxanthopterin (6-MI), we unravel the differ-
ential dynamics of replication fork barrier/terminator sequen-
ces (RFB1 and RFB3) mediated by fork blocking protein
(Fob1). By strategic and site-specific incorporation of this
probe, we show that 6-MI is able to capture the changes in
global dynamics exhibited by Fob1 and aids in distinguish-
ing between varied architectural forms like double-stranded

DNA versus Holliday junctions (HJs). This is important as
these barriers are hotspots for recombination. Fluorescence
lifetime and anisotropy decay studies further revealed that
Fob1 strongly dampens the dynamics in double-stranded
RFB1, and the sequence inherently possesses lesser flexibility
in comparison to RFB3. We show that 6-MI can probe the
differential oligomeric status of Fob1 in response to various
architectures, that is, double-stranded versus HJs. This work
highlights the unique advantages of 6-MI as a probe when
incorporated in nucleic acid frameworks.

Introduction

Clever designing and fabrication of fluorescent probes specific
for nucleic acids is an emerging trend as nucleic acids are fluo-
rescently silent. These probes serve as powerful tools with
novel properties and a plethora of applications in nucleic acid
sensing,[1] imaging[2] and in probing protein-nucleic acid inter-
actions.[3] For instance, an innovative approach employing
pyrene-locked nucleic acid-based oligonucleotides enabled de-
tection of single-nucleotide polymorphisms in natural nucleic
acid targets.[1a, 4] There are several other popular end-labeling
probes such as fluorescein, rhodamine, and cyanine dyes.[5]

However, when site-specific dynamics within nucleic acid se-
quences are probed, there are only a handful of alternatives.
This is because for internal DNA/RNA labeling it is more pref-
erable to use close mimics that cause minimal structural per-
turbation while acting as effective readout tools. The most
widely employed and one of the first to be discovered site-

specific fluorescent base analog 2-aminopurine (2-AP),[6] an ad-
enosine analog is an excellent molecule as it exhibits optimal
photophysical properties and is a very environment-sensitive
probe.[7] However, 2-AP has a few drawbacks, it has a low
quantum yield in a double-stranded setting[8] and its excitation
wavelength overlaps with the intrinsic absorption edge of pro-
teins. Therefore, several other probes, such as the red-shifted
adenosine analog 6-MAP (4-amino-6-methyl-8-(2’-deoxy-b-d-ri-
bofuranosyl)7(8H)-pteridone)[9] have been developed. Site-spe-
cific probes for other nucleobases with red-shifted profiles
such as thienoguanosine,[10] a guanosine analog, pyrrolo
probes which are cytidine analogs[11] have also been effectively
employed to monitor nucleobase flipping,[10] secondary struc-
ture formation in RNA[12] and as a biosensor to monitor DNA
glycosylase activity in human blood.[13] Probes with both en-
hanced quantum yield as well as optimal lifetime window such
as 3-methylisoxanthopterin (3-MI) and 6-methylisoxanthopterin
(6-MI) (Figure 1) are other fluorescent guanosine analogs in
use.[14] For instance studies on 6-MI labeled human telomeric
repeat DNA and unwinding protein (UP1) has established 6-MI
to be a sensitive reporter of stacking and unstacking interac-
tions upon protein binding.[15] 6-MI has also proved its utility in
monitoring the dynamics of complex ribozyme architectures.[16]

By strategic designing of a pentameric oligonucleotide con-

Figure 1. Structure of guanine and its fluorescent mimics 6-methylisoxan-
thopterin (6-MI), 3-methylisoxanthopterin (3-MI), and thienoguanine (thG).
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taining 6-MI, this reporter demonstrated enhanced quantum
yields permitting picomolar concentrations of DNA to be ex-
amined.[17]

Here, we investigate the ability of 6-MI to differentiate DNA
architectures and oligomerization status of proteins. The
model system that we have chosen is fork blocking protein
(Fob1) which is known to stall replication forks within the ribo-
somal DNA (rDNA).[18] Replication fork barriers (RFBs) or termi-
nator sequences (ter) are located within the rDNA (which com-
prises of 150–200 repeats)[19] and constitutes two regions viz
RFB1 (ter1) and RFB3 (ter2) (Figure 2 A). Replication forks pro-

gressing in a direction opposite to 35S transcription are stalled
at these barriers by Fob1 (Figure 2 A) in consort with other pro-
teins, thereby preventing head-on collision with the transcrip-
tion machinery.[20] This mechanism of preferential blocking via
Fob1 prompts unidirectional transcription and thereby, confers
genomic stability in yeast. The stalls in this process also create
recombinogenic hotspots and result in excision of rDNA
repeat,[21] influencing cellular aging.[22] Thus it appears that
Fob1 likely has the potential of recognizing multiple DNA ar-
chitectures such as double-stranded, polar fork blocks and Hol-

liday junctions (HJs). We have previously extensively studied
the polar fork blocking ability of Fob1 by using 2-AP incorpo-
rated in synthetic forks.[23] Our studies revealed that Fob1 can
differentiate between forks progressing from opposite direc-
tions and that it clamps few bases ahead of the fork, in the
double-stranded region. However, considering the photophysi-
cal properties of 6-MI here to develop insights into differential
interaction of Fob1 with HJs versus duplex DNA we have em-
ployed 6-MI as we believe it has a broader lifetime window. By
designing synthetic HJs comprising of 6-MI labeled RFB1 and
RFB3 we aim to address the question whether Fob1 has the
ability for differential architectural recognition that is, if it can
discriminate between double-stranded DNA versus Holliday
junctions. Using the approach of fluorescence lifetime and ani-
sotropy decay kinetics with 6-MI as the reporter we explore
the binding and motional dynamics in double-stranded RFBs
and model HJs.

Results and Discussion

Site-specific dynamics in duplex RFBs and Holliday junctions

To analyze the behavior of 6-MI as a probe, 24 bp sequences
of RFB1 and RFB3 containing 6-MI were annealed with corre-
sponding complementary sequences to form duplexes (dsRFB1
& dsRFB3) and HJs (HJRFB1 and HJRFB3) (Figure 2 B,C). It was
observed that steady-state anisotropy value of free dsRFB1
(0.13) was almost double as that of dsRFB3 (0.07) implying that
RFB1 is inherently less flexible in comparison to RFB3. This sig-
nificant difference further gets elaborated from time-resolved
anisotropy. Figure 3 A represents the anisotropy decay of

dsRFB1 and dsRFB3. The decay curves fit best to a two-compo-
nent model. The rotational correlation times and their ampli-
tudes are summarized in Table 1. The shorter correlation time
(F1) represents segmental dynamics whereas the longer corre-
lation time (F2) represents global dynamics. The long correla-
tion time for both the sequences was �3.2 ns (Table 1) and it
is as expected for a DNA of 24 bp.[7b] A very interesting point
to note in Figure 3 A is that both the sequences have the same
number of base pairs and identical near neighbors but yet
they show a significant difference in their anisotropy decay.
This implies that it is not the differences in the local motion

Figure 3. Anisotropy decay kinetics of site-specifically incorporated 6-MI
DNA constructs A) duplex RFB1 versus duplex RFB3 (B) HJRFB1 versus
HJRFB3.

Figure 2. (A) Schematic representation of ribosomal DNA containing tandem
repeats (each unit�9.1 kb) and terminator/barrier (ter) sequences (within a
single unit of the ribosomal DNA repeat) binding to Fob1 and stalling the
replication fork proceeding in the direction opposite to 35S transcription.
Replication begins at autonomously replicating sequence (ARS) and pro-
ceeds bidirectionally (B) Double-stranded RFB constructs of 24 bp containing
site-specifically incorporated 6-MI (C) Synthetic Holliday junctions, HJRFB1
and HJRFB3 containing 6-MI (denoted as a blue star) labeled RFB1 and RFB3
respectively.
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rather it is the difference in the segmental or the long-range
dynamics that is more prominent. A similar situation can be
observed in the report by Moreno et al. ,[17] wherein sequences
comprising of 34 bp and flanked by adenine and thymine
showed distinct anisotropy decays. Thus 6-MI is unusual in
comparison to other probes as it is able to delineate the differ-
ences in the segmental dynamics of the two strands, which is
generally not seen with commonly used probes like 2-AP. An-
other advantage of 6-MI, unlike 2-AP, is its long lifetime
window that makes the measurement of very long correlation
times possible. Thus both the short and long correlation times
can be effectively exploited in analyzing and interpreting pro-
tein-DNA interactions.

HJs were constructed so as to contain 6-MI at the same posi-
tion as that located in the double-stranded form, although the
overall construct now takes up a different conformation. The
longer correlation time, F2 for HJs was approximately in the
range of 7–9 ns (Table 1) which is expected as the molecular
weight of HJ will be twice as that of the double-stranded form.
Here again, we point out that the dynamics of the two HJ con-
structs are not identical. Thus even in the HJ constructs like
the duplex RFBs, 6-MI was able to reveal the differences in se-
quence-dependent segmental dynamics.

Equilibrium binding studies of RFB-Fob1

Subsequent to studies on the dynamics of various DNA con-
structs we then studied their binding with Fob1. Binding stud-
ies were performed using steady-state fluorescence anisotropy
and electrophoretic gel shift mobility assay. Binding curves of
the four 6-MI constructs with Fob1 are shown in Figure 4 A. Es-
timates of the equilibrium dissociation constants, Kd of all the
four constructs were found to be similar in the range of 13–
19 mm. Thus it can be concluded that the affinity of all the con-
structs to Fob1 is very similar. Electrophoretic mobility gel shift
assays distinctly revealed the retardation of the RFBs in pres-
ence of Fob1 and corroborated the results obtained from
steady-state anisotropy studies, indicating that the introduc-
tion of 6-MI into DNA did not alter its binding to Fob1 (Fig-
ure 4 B–D). The gels also reveal a different pattern of binding
for dsRFB1 (Figure 4 B) wherein intermediate complexes are
observed in between the unbound and saturated states, possi-
bly indicating a co-operative mode of binding of Fob1 onto
RFB1.

Fluorescence intensity decay kinetics of duplex RFBs and
HJs

Unlike 2-AP, which can base pair with cytosine (in wobble con-
figuration) or thymine (in Watson–Crick geometry), 6-MI is a
faithful mimic of guanine and has been shown to preferably
hydrogen bond with cytosine.[24] The excited-state lifetime of
free 6-MI is �6.3 ns[14a] which is very similar to that of 2-AP,
�10 ns.[7a] Both free 6-MI and 2-AP exhibit a very high quan-
tum yield of 0.70[14a] and 0.68[6] respectively. However, when in-
corporated into single-stranded (ss) DNA the quantum yield of
2-AP dramatically falls by more than 10-fold,[23] whereas 6-MI
exhibits less than four-fold reduction (Table T1).[17] In our ss6-MI
RFB1 sequence we obtained a quantum yield of 0.23
(Table T1), which is slightly higher than some 6-MI and 3-MI re-
ported sequences, flanked by thymine bases.[25] Upon conver-
sion to the double-stranded form, the quantum yield of our 6-
MI sequences almost remained the same (Table T1 and 2). Con-
trastingly for 2-AP, it is observed that fluorescence is further
quenched in a double-stranded (ds) setting. Our earlier studies
clearly show that every time 2-AP is incorporated in an RFB1
variant the quantum yield reduces by at least 10 fold.[23]

Whereas, we show here that 6-MI has almost no change in
quantum yield between ss and ds settings (Table T1). This
makes 6-MI a preferred probe to measure site-specific dynam-
ics. In case of sequences studied by Knutson and group[25] and
Moreno et al. ,[17] wherein 6-MI was flanked by adenine or thy-
mine bases, an enhancement in quantum yield was observed.
In fact, flanking by thymines demonstrated a novel effect of

Table 1. Anisotropy decay parameters of dsRFB1, dsRFB3 HJRFB1 and
HJRFB3 in the absence and presence of Fob1.

Construct q1 [ns] b1 q2 [ns] b2 c2

dsRFB1 0.29�0.01 0.45�0.01 3.14�0.05 0.55�0.01 1.38
dsRFB1 + Fob1 1.68�0.12 0.28�0.02 92.72�3.88 0.72�0.02 1.49
dsRFB3 0.45�0.06 0.67�0.02 3.27�0.27 0.33�0.02 1.59
dsRFB3 + Fob1 0.68�0.06 0.59�0.01 12.12�0.79 0.41�0.01 1.55
HJRFB1 0.29�0.10 0.46�0.01 6.78�0.30 0.54�0.01 1.46
HJRFB1 + Fob1 0.60�0.03 0.21�0.01 49.18�1.07 0.79�0.01 1.33
HJRFB3 0.70�0.02 0.37�0.01 9.56�0.05 0.63�0.01 1.45
HJRFB3 + Fob1 2.07�0.05 0.14�0.01 52.90�0.52 0.86�0.01 1.57

Figure 4. (A) Steady-state anisotropy binding curves of duplex RFB1, duplex
RFB3, HJRFB1, and HJRFB3 (containing site-specifically incorporated 6-MI)
with Fob1, lex = 340 nm, lem = 428 nm (B–D) Electrophoretic mobility gel
shift assay of 20 nm dsRFB1 (B) dsRFB3 (C) and HJ (D) with Fob1. For these
assays, the constructs did not contain 6-MI and were labeled at the 5’ end
with [g-32P]-ATP. For dsRFB1, RFB1 was the radioactively labeled strand
whereas in dsRFB3 and HJ construct, RFB3 was labeled.
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doubling of quantum yield on duplex formation.[25] Enhance-
ment in quantum yield could be attributed to the presence of
neighboring insulating nucleobases.[26] Thus in this scenario
unlike 2-AP containing oligonucleotides wherein quenching
occurs upon duplex formation, in 6-MI RFB1 low quenching ef-
fects are observed. Thus 6-MI can be considered to be a
brighter fluorophore when compared to 2-AP.

It was observed that the fluorescence intensity decay of 6-
MI labeled constructs fits to a sum of three exponentials
(Table 2). The longest lifetime is suggested to correspond to an

extrahelical conformation of 6-MI as this value is close to that
of free 6-MI.[14a] The shortest lifetime likely arises from 6-MI
stacking with adjacent bases (a suggestion similar to the ob-
servations in 2-AP[7]). The second lifetime value represents an
intermediate conformation between the two states. However,
it should be mentioned that the assignment of conformational
states based on fluorescence lifetimes is largely speculative in
the absence of direct structural studies. The shortest lifetime in
6-MI labeled sequences is no shorter than 170 ps (Table 2)
which makes it again a more useful probe than 2-AP. On addi-
tion of Fob1 in the case of dsRFB1, although the data still fits
to a sum of three exponential the mean lifetime increased by
450 ps. Enhancement in mean lifetime could be attributed to
restricted local dynamic motion, reduced solvent accessibility
and base stacking interactions upon binding to Fob1. Restrict-
ed local dynamic motion is evident from the short correlation
times of RFB1-Fob1 in comparison to RFB3-Fob1 (Table 1). Con-
trastingly, for dsRFB3 a decrease in mean lifetime was observed
on Fob1 binding. This reduction in lifetime could be attributed
to dynamic quenching upon binding to Fob1. A similar scenar-
io is observed in another system studied by Moreno et al. ,
where binding of integration host factor protein to its cognate
6-MI labeled DNA results in decreased lifetime.[17] It was further
observed that the mean lifetimes of the RFB1-RFB3 composite

HJs were similar to that of the double-stranded form (Fig-
ure S1, Table 2). Upon binding to Fob1 a similar increase in life-
time by 970 ps and a decrease in lifetime by 460 ps were ob-
served for HJRFB1 and HJRFB3 respectively (Table 2). Although
no dramatic changes in lifetime were observed on protein
binding, if we make a relative comparison in mean lifetime
across different architectures, we observe that RFB1 containing
constructs show a higher change on binding to Fob1 and are
hence more sensitive to perturbation by protein. Hence, it ap-
pears this probe although not as sensitive as 2-AP[23] in this
window can still guide towards yielding qualitative information
regarding the binding.

Fob1 mediated altered dynamics in duplex RFBs and HJs

Although 6-MI doesn’t appear to be as sensitive in the fluores-
cence lifetime regime it appears to be an excellent probe for
fluorescence anisotropy decay kinetics experiments. As dis-
cussed earlier 6-MI was incorporated in diverse architectures
such as double stranded and HJs where it exhibits sensitivity
in anisotropy decay kinetics and was able to clearly distinguish
between diverse secondary structures. Therefore, to study if
these differences are further enhanced in the presence of pro-
tein we carried out these studies in the presence of Fob1. Here
again, we observe that 6-MI is very sensitive towards the addi-
tion of protein and marked changes are observed in different
samples. Analyzing the anisotropy decay kinetics of dsRFB1
and dsRFB3 in presence of Fob1 revealed that upon binding of
Fob1 to dsRFB1, F1 increased to �1.7 ns implying that the
local motion of 6-MI is constrained with respect to the free
dsRFB1 sequence (Figure 5 A). Contrastingly dsRFB3 in pres-
ence of Fob1 faced a lesser restriction locally as can be ob-
served by a nominal increase in F1 (Figure 5 B, Table 1). Thus
the addition of Fob1 places 6-MI in a more restricted environ-
ment in RFB1 as compared to RFB3. This difference is more ap-

Table 2. Fluorescence intensity decay parameters of dsRFB1, dsRFB3
HJRFB1, and HJRFB3 in the absence and presence of Fob1.

Construct t1 [ns]
[a1]

t2 [ns]
[a2]

t3 [ns]
[a3]

tm [ns] c2

ssRFB1 0.25
(0.39)

1.85
(0.41)

5.63
(0.20)

1.97 1.03

dsRFB1 0.17
(0.61)

1.87
(0.23)

5.84
(0.16)

1.40 1.10

dsRFB1 + Fob1 0.32
(0.52)

2.09
(0.29)

5.96
(0.19)

1.85 1.20

dsRFB3 0.38
(0.33)

3.75
(0.21)

6.80
(0.46)

4.04 1.10

dsRFB3 + Fob1 0.42
(0.25)

2.56
(0.17)

6.21
(0.58)

4.12 1.10

HJRFB1 0.18
(0.59)

2.14
(0.12)

5.65
(0.29)

1.98 1.61

HJRFB1 + Fob1 0.32
(0.45)

3.71
(0.17)

5.76
(0.38)

2.95 1.28

HJRFB3 0.40
(0.30)

4.99
(0.15)

7.33
(0.55)

4.87 1.10

HJRFB3 + Fob1 0.40
(0.36)

4.87
(0.14)

7.17
(0.50)

4.41 1.57

Figure 5. Time-resolved anisotropy decay curve of 6-MI labeled RFBs A) ds
RFB1 with and without Fob1 (B) dsRFB3 with and without Fob1 (C) Site-spe-
cific 6-MI labeled HJRFB1 and HJRFB3 with and without Fob1.
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parent when F2 values are compared across the two double-
stranded sequences. The longer correlation time, F2, of dsRFB1
in presence of Fob1 exhibits a dramatic increase to �90 ns,
thereby strongly dampening the dynamics of dsRFB1. This
large dampening in dynamics was not observed in dsRFB3 as
F2 increased to only around 12 ns. This indicates that perhaps
in presence of RFB1, Fob1 forms larger protein aggregates or
dsRFB3-Fob1 does not represent the global dynamics but
could represent segmental dynamics. To further confirm the
oligomeric state of the protein, we measured anisotropy decay
kinetics of fluorescamine-Fob conjugates (described in sup-
porting information). The free form of fluorescamine dye is not
fluorescent but when it reacts with - amino group of lysines
in proteins to form conjugates it becomes fluorescent exhibit-
ing a lifetime of 3–9 ns.[27] Thus with a large lifetime window
fluorescamine serves as a suitable ruler to deduce associated
forms of the protein in fluorescence anisotropy decay settings
as long correlation times can be estimated. Fitting the fluores-
cence anisotropy decay of fluorecscamine-Fob conjugate, a
global correlation time of 90 ns was obtained (Figure S2). A
protein with a molecular weight of 25 kDa has been generally
reported to have a rotational correlation time of near 10 ns.[28]

Therefore, we can conclude that Fob1 with a molecular mass
of approximately 52 kDa is a tetramer. The rotational correla-
tion time of 90 ns, was also observed for the ds 6-MI RFB1 se-
quence in presence of Fob1 indicating that RFB1 also binds
Fob1 as a tetramer. Similar estimation of the oligomeric form
of protein from the long correlation time has been reported
for probes such as 3-MI, for HIV-1 integrase protein bound to
its cognate DNA.[29] Thus it appears that the MI class of com-
pounds can be used to deduce multimeric states of protein
with high fidelity.

As mentioned earlier long correlation time F2 of 12 ns was
observed for dsRFB3. Our analysis reveals that this could arise
if RFB3 is unable to form a stable oligomeric complex. Fig-
ure 3 A already indicates that RFB1 presents a more rigid scaf-
fold as compared to RFB3. Hence, it is not surprising if RFB3 is
unable to provide a suitable platform for stable oligomeriza-
tion. Here, fluorescence anisotropy studies clearly revealed dis-
tinct differential restriction of dsRFB1 and dsRFB3 by Fob1,
with the dsRFB1 facing a dominant restriction. This reflects the
power of the long lifetime of 6-MI in revealing the nature of
oligomerization of Fob1 when bound to the DNA constructs.

Further, to understand how RFB1 and RFB3 sequences
behave in HJ architecture in presence of Fob1, fluorescence
anisotropy decay kinetics with the identical complexes where
the 6-MI is placed in different positions were performed. Re-
sults (Table 1) reveal that F1 for HJRFB3 + Fob1 is almost
three-fold that of HJRFB1 + Fob1. This trend is reverse of what
has been observed in double-stranded architectures where
RFB1 showed enhanced restriction. This switch could be be-
cause RFB3 is known to be a sequence that promotes recombi-
nation in presence of Fob1 and hence may restrict RFB3 dy-
namics more efficiently in HJ architecture. Further F2 values of
approximately 50 and 53 ns were observed, respectively for
HJRFB1 and HJRFB3 sequences (Figure 5 C, Table 1). This again
implies that in HJ architecture the oligomerization state of

Fob1 may differ from that in double-stranded sequences. Fob1
likely only tetramerizes when it is presented with the correct
double-stranded barrier sequence, RFB1. In HJ it is possible
that a dimeric form of Fob1 is the preferred form. Overall,
these studies highlight the extreme sensitivity of 6-MI in the
fluorescence decay kinetics regime.

Conclusions

6-MI proved to be a highly useful probe in decoding se-
quence-dependent segmental dynamics in DNA. Through ani-
sotropy decay kinetics, this probe enabled recognition of
varied DNA architectures such as double-stranded DNA and
Holliday junctions. 6-MI as a reporter could thus bring out se-
quence- as well as structure-based readout of dynamics. Pro-
tein binding further enhanced this discrimination and revealed
a distinct differential restriction of the two barrier sequences.
Most importantly, 6-MI could provide insights into how the
protein could adopt varied oligomeric forms depending on the
DNA architecture. These powerful features of 6-MI can be ex-
ploited in understanding dynamics in nucleoprotein complexes
which may be unfeasible/difficult to extract by other probes or
techniques.

Experimental Section

Oligonucleotides

Modified oligonucleotides (PAGE purified) containing 6-MI were or-
dered from Fidelity Systems, Inc, Gaithersburg. Sequences of oligo-
nucleotides used in this study are RFB1: 5’-AAACTTATACAAGCACT-
CAT6-MITTT-3’, RFB3: 5’-CTTT6-MITGAAAGCCCTTCTCTTTCA-3’, X: 5’-
AAACATGAGTGCGCTTTCACAAAG-3’, Y: 5’-TGAAAGAGAAGGTTGTA-
TAAGTTT-3’. Crude unlabelled oligonucleotides were purchased
from Integrated DNA technologies and purified using 15 % dena-
turing polyacrylamide gel. Oligonucleotides were visualized by UV
shadowing and eluted from the gel. Duplex and cruciform DNA
formation (sequence depicted in Figure 2 B, C) was achieved by
mixing concentrations of unlabelled oligonucleotides 1.2 times the
concentration of labeled oligonucleotides in 1X annealing buffer
(10X: 50 mm Tris, 150 mm NaCl, pH 8) and heating at 958 C for
5 min followed by slow cooling to room temperature. For anneal-
ing of cruciform DNA, the buffer additionally contained 1.5 mm

MgCl2. Concentrations of single-stranded oligonucleotides were es-
timated by measuring the absorbance at 260 nm and extinction
coefficients were taken as stated by the manufacturer. Four an-
nealed constructs were used in this study. Two of them are duplex-
es of RFB1 and RFB3 and are designated in the text as dsRFB1 and
dsRFB3. The other two constructs are HJs, designated in the text
as HJRFB1 (contained the 6-MI labeled RFB1 and the other three
strands are unlabelled) and HJRFB3 (6-MI labeled RFB3 and the re-
maining were unlabelled sequences).

Cloning and protein purification

Native Fob1 protein (1–450 amino acid residues) with N-terminal
His tag was overexpressed and purified according to the estab-
lished lab protocol, as described in Biswas et al. ,[23] Briefly, an over-
night culture of Rosetta cells transformed with Fob1 plasmid was
inoculated into 1.2 liters of Luria Bertani broth containing kanamy-
cin (35 mg mL�1) and chloramphenicol (30 mg mL�1) and incubated
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at 37 8C, 220 rpm. The cells were induced in mid-log phase
(O.D600nm�0.6) with 0.8 mm IPTG (Isopropyl b-d-1-thiogalactopyra-
noside) and grown at 25 8C. The cells were harvested after 6 hrs by
centrifugation (4500 rpm, 20 min) and stored at �80 8C. Cell pellets
were thawed quickly and suspended in buffer A (50 mm HEPES,
500 mm NaCl, 5 mm imidazole). Cells were then lysed by sonication
and the lysate was centrifuged at 14 000 rpm, 4 8C for 1 h. The su-
pernatant was mixed with Ni-NTA beads which were equilibrated
with buffer A and placed on a rocker for 1 h. Thereafter the beads
were centrifuged at 1200 rpm and loaded onto a column wherein
the washing step was carried out with buffer B (50 mm HEPES,
500 mm NaCl, 15 mm imidazole). Gradient elution of the protein
was performed with buffer containing 50 mm HEPES, 500 mm

NaCl, 150 mm imidazole, followed by 200 mm imidazole. Fractions
containing Fob1 were pooled and desalted in desalting columns
equilibrated with desalting buffer (35 mm HEPES, 250 mm NaCl,
3 % glycerol, 1 mm DTT). Fob1 was finally eluted with desalting
buffer. The pooled fractions were concentrated in Corning concen-
trators. pH of all buffers was maintained at 7.5. Protein concentra-
tion was determined by measuring absorbance at 280 nm and
using molar extinction coefficient value of 53 290 L mol�1 cm�1.

Steady-state fluorescence anisotropy

Steady-state anisotropy measurements of the four 6-MI constructs
were performed on Cary Varian spectrofluorimeter with a manual
polarizer. The samples contained 1 mm DNA in 25 mm HEPES and
50 mm NaCl buffer. Fob1 was titrated and each titration was under
an incubation period of 4 mins. The excitation wavelength was set
to 340 nm and emission was monitored at 428 nm with slit widths
of 10 nm. The binding curves were fit to the following equation
[Eq. (1)] to determine the equilibrium dissociation constant, Kd.

[30]

r ¼ r0 þ ðr1 � r0Þ½
1

1þ ðKd=½Fob1�Þn� ð1Þ

where r0 and r1 represent the anisotropy of the free and bound
DNA.

Anisotropy was calculated using the following equation [Eq. (2)]

r ¼ I11 � GI?
I11 � 2GI?

ð2Þ

Where Ijj and I? are polarized parallel and perpendicular fluores-
cence intensities with respect to the vertically polarized excitation.
G factor was estimated from the parallel and perpendicular fluores-
cence intensities with respect to the horizontally polarized excita-
tion using the same sample.

Electrophoretic gel shift mobility assay

To confirm the binding of Fob1 to dsRFBs and HJs, electrophoretic
mobility gel shift assays were performed. 20 picomoles of single-
stranded RFB1 and RFB3 were radiolabelled at the 5’end using [g-
32P]-ATP (3000 Ci/mmole) and T4 polynucleotide kinase (details in
supporting information). In dsRFB3 and HJ construct, the single-
stranded RFB3 sequence (5’-CTTTGTGAAAGCCCTTCTCTTTCA-3’)
was the labeled strand whereas in dsRFB1 the sequence 5’- AAACT-
TATACAAGCACTCATGTTT-3’was radiolabeled. The labeled RFBs
were then annealed with their complementary strand at 90 8C for
5 min and allowed to gradually cool down. Reaction mixtures
(10 mL) were prepared by incubating 1X binding buffer (10X:
10 mm HEPES, pH 7.8, 50 mm KCl, 1.8 mm DTT, 2 mg mL�1 BSA and

7.4 % glycerol), protein in the concentration range of 50 nm to
50 mm and 20 nm radiolabeled DNA for 15 mins. The final volume
was made up using desalting buffer. The samples were electro-
phoresed through native 6 % polyacrylamide gel in Tris-borate
EDTA buffer, pH 8 at 4 8C. For samples containing HJs, composite
polyacrylamide gels of 6 % (lower three-fourth of gel) and 5 %
(upper one-fourth) were used to facilitate the entry of the complex
into the gel. Post electrophoresis run at 100 V, the gel was fixed in
gel fixing solution (20 mL methanol, 10 mL acetic acid, 70 mL
water) for 10 min, dried, covered in a saran wrap and exposed
overnight at 4 8C in a phosphoimager cassette. At the end of expo-
sure, gel images were captured by scanning the screen on
Storm25 Phosphoimager.

Time-resolved fluorescence intensity

Fluorescence decays have been recorded on time-correlated single
photon counting (TCSPC) system (IBH, UK) with excitation from a
pulsed light emitting diode (ex: 340 nm). The full width at half-
maximum of the instrument function was found to be 790 ps with
a resolution of 14 ps per channel. The emission (428 nm) polarizer
was kept at the magic angle (54.78) with respect to the polariza-
tion of the excitation light. The lifetime decay curves were ana-
lyzed using a non-linear least-squares iterative deconvolution
method based on the Levenberg-Marquardt algorithm (homemade
software—N.Periasamy) and expressed as a sum of exponentials as
follows [Eq. (3)]

IðtÞ ¼
X

i¼1

aie
ð�t=tiÞ ð3Þ

where ti is the individual lifetime with associated amplitude ai and
�ai = 1. The goodness of fits was determined from the reduced c2

and randomness of residuals. The mean lifetime tm is determined
from �ai ti

Time-resolved fluorescence anisotropy

For time-resolved anisotropy, decays were recorded using vertical/
vertical (Ijj) polarization and vertical/horizontal (I? ) polarization
upto difference of 5000 counts in the peak channel. The decay was
analyzed using the following equations [Eqs. (4)–(7)]:

I11ðtÞ ¼ IðtÞ½1þ 2rðtÞ�=3 ð4Þ

I? ¼ IðtÞ½1� rðtÞ�=3 ð5Þ

rðtÞ ¼ I11ðtÞ � GðlÞI?ðtÞ
I11ðtÞ � 2GðlÞI?ðtÞ

ð6Þ

rðtÞ ¼ r0½b1e�ðt=�1Þ þ b2e�ðt=�2Þ� ð7Þ

where Ijj and I? are the intensities recorded at emission polariza-
tions parallel and perpendicular, respectively to that of the incident
polarized light, G(l) is the geometry factor at the emission wave-
length l, estimated using a very dilute solution of quinine sulfate.
b1 and b2 are the amplitudes of the rotational correlation times F1

and F2 respectively such that �bi = 1, ro is the initial anisotropy
value determined independently for a sample in 50 % glycerol and
the value being extrapolated from the anisotropy decay curve to
zero time. For time-resolved measurements, the samples contained
3 mm of DNA and 15 mm Fob1 in 25 mm HEPES and 50 mm NaCl
buffer. Several decay profiles were collected for the same as well
as independent sample sets. The decay values were averaged from

Chem. Asian J. 2019, 00, 0 – 0 www.chemasianj.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6&&

�� These are not the final page numbers!

Full Paper



at least three data sets and represented with their standard devia-
tions.
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Use of 6-Methylisoxanthopterin, a
Fluorescent Guanine Analog, to Probe
Fob1-Mediated Dynamics at the
Stalling Fork Barrier DNA Sequences

6-Methylisoxanthopterin (6-MI), a fluo-
rescent guanine mimic was employed
to capture the dynamics in duplex repli-
cation fork barrier sequences and Holli-
day junctions. In the presence of fork-
blocking protein, the dynamics of

duplex barriers were dampened dramat-
ically. This paper highlights the powerful
features of 6-MI in comparison to the
fluorescent adenine analog, 2-amino-
purine.
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