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Abstract 

Ubiquitin-like, containing PHD and RING �ngers domains 1 (UHRF1) pla y s a pivotal role in replicating DNA methylation patterns during cell 
division. Acting as a DNA reader, UHRF1, via its SET- and RING-associated (SRA) domain, recognizes hemi-methylated (HM) CpG sites and 
�ips 5-methylcytosine (5mC) nucleobases. This �ipping triggers DNA methyltransferase 1 (DNMT1) recruitment to methylate cytosine in the 
complementary strand. To in v estigate the SRA-induced base-�ipping mechanism, w e introduced thienoguanosine ( th G), a �uorescent guanosine 
analogue, at four positions in HM and non-methylated duplexes. The interactions of these labelled duplexes with wild-type SRA and a G448D 

mutant (incapable of base-�ipping) were monitored using a combination of stopped-�ow �uorescence measurements, molecular dynamics 
simulations, and quantum mechanical calculations. We show that 5mC and C residues are �ipped with similar rate constants. Ho w e v er, while C 

residues rapidly re v ert to their original state, enabling SRA to continue reading or dissociate, SRA comple x es with �ipped 5mC undergo a slow 

conformational rearrangement, leading to the �nal conformation crucial for DNMT1 recruitment. Taken together, our �ndings suggest that base 
�ipping is used to discriminate 5mC from C residues, while the ensuing conformational rearrangement drives DNMT1 recruitment. 

Gr aphical abstr act 

Introduction 

Covalent modi�cations of DNA nucleobases, such as cyto- 
sine methylation [ 1–5 ], are crucial for epigenetic regulation. 

In mammalian cells, 70%–80% of cytosines are methylated 
at position 5 in mCpG sites [ 6–10 ]. This methylation regu- 
lates gene expression, imprinting, and stability, playing a key 
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role in cell development, differentiation, and X chromosome 
inactivation [ 6 , 11–14 ]. To preserve cell identity, the methy- 
lation patterns need to be faithfully copied during cell divi- 
sions. This is ensured by a multi-protein DNA methylation 
machinery, in which DNA methyltransferase 1 (DNMT1) and 
Ubiquitin-like, containing PHD and RING �ngers domains 1 
(UHRF1) are two main actors [ 2 , 15 , 16 ]. During DNA repli- 
cation, UHRF1 binds to hemi-methylated DNA (HM DNA), 
preferentially recognizing mCpG sites [ 17–19 ] and �ipping 
out the 5-methylcytosine (5mC) nucleobases through its SET- 
and RING-associated (SRA) domain. This base �ipping facil- 
itates the recruitment of DNMT1, which in turn �ips out the 
opposite non-methylated (NM) cytosine (C) of the comple- 
mentary strand and methylates it [ 15–18 , 20–23 ]. The �ip- 
ping of 5mC by SRA thus plays a pivotal role in the faithful 
replication of DNA methylation patterns. 

A critical advancement in understanding the base �ipping 
process has been afforded by the X-ray crystal structures of 
the SRA domain from human or mouse UHRF1 protein in 
complex with short HM duplexes [ 17–19 ]. The SRA domain 
resembles a hand grasping the HM duplex in its palm, while 
its thumb (Val 446 in human SRA) and NKR �nger (Asn 489, 
Lys 490, and Arg 491 in human SRA) are crucial in �ipping 
and stabilizing the 5mC nucleobase in the SRA-binding pocket 
(Fig. 1 A). Although highly useful in revealing the detailed 
structure of the �nal SRA–DNA complex, the crystallographic 
data do not provide any information about the discrete steps 
leading to this �nal complex and their kinetics. To deci- 
pher the mechanism of base-�ipping processes, �uorescence- 
based stopped-�ow techniques using nucleic acids labelled 
with �uorescent nucleoside analogues (FNAs) have proved 
to be highly useful. By primarily using 2-aminopurine (2- 
AP), a FNA of adenosine, the base �ipping mechanisms of 
several enzymatic proteins, such as formamidopyrimidine- 
DNA glycosylase (FPG), uracil DNA glycosylase (UDG), 
EcoRI DNA methyltransferase (M.EcoRI), Esc heric hia coli 
Dam DNA-(adenine-N6)-methyltransferase (Ecodam), E. coli 
3-methyladenine DNA glycosylase II ( E. coli Alka), Hu- 
man alkyladenine DNA glycosylase (AAG), DNA cytosine-5- 
methyltransferase HhaI (M.HhaI), E. coli Endonuclease VIII 
(Endo VIII), and E. coli MutY adenine glycosylase (MutY) 
have been resolved [ 24–39 ]. For most systems, base �ipping 
was found to follow a diffusion-limited non-speci�c binding 
and sliding of the enzyme onto the nucleic acid sequence and 
to precede a slower conformational step that leads to the en- 
zymatic reaction. 

In contrast to these enzymes, a former study with the non- 
enzymatic SRA domain of UHRF1 indicated that 2-AP in- 
serted at various positions next to the CpG-binding site was 
not suitable for monitoring the SRA-induced base �ipping 
process [ 41 ], due to its low sensitivity and inability to dis- 
criminate SRA activity on HM and NM duplexes. Much more 
promising results were instead obtained with thienoguano- 
sine ( th G), a FNA that nearly perfectly replaces guanosine (G) 
in nucleic acids [ 42–44 ]. Indeed, replacing the natural nucle- 
obase G, adjacent to the target 5mC, by th G in the mCpG 

site was found to preserve the SRA binding preference to HM 

duplexes over NM duplexes [ 45 ], while a 2-fold larger �uo- 
rescence increase was observed for SRA interacting with th G- 
labelled HM duplexes as compared to NM duplexes [ 45 ]. Our 
initial interpretation was that the �uorescence increase seen 
for NM duplexes was due to th G environmental change in- 
duced by SRA binding to the CpG site, while the additional 

�uorescence increase seen with HM duplexes was due to the 
�ipping of 5mC, resulting in a loss of base stacking with the 
emissive G analogue. Based on this interpretation, we pro- 
posed a two-step mechanism where a fast binding step was 
followed by a slower base �ipping step [ 45 ]. However, our 
more recent study has shown that binding of a th G-labelled 
HM duplex by the SRA G448D mutant, which is unable to �ip 
the 5mC base due to steric hindrance introduced by the Asp 
residue at position 448 in the binding pocket [ 18 ], induced 
only minimal change in �uorescence [ 46 ], clearly challenging 
our previously proposed model. 

In this report, our aim was to perform an in-depth kinetic 
investigation of the SRA-induced base �ipping mechanism, by 
combining stopped-�ow experiments with molecular dynam- 
ics simulations (MD) and quantum mechanical (QM) calcu- 
lations. To this end, we selected the 12-bp duplex sequence, 
whose crystallographic structure with SRA has been previ- 
ously reported [ 18 ] (Fig. 1 A and B), and replaced the natural 
nucleobases by th G at four positions within or immediately 
adjacent to the CpG site (Fig. 1 C). Taken together, our data 
reveal that SRA-induced base �ipping occurs in both HM and 
NM duplexes. However, C rapidly �ips back in the NM du- 
plex, whereas a slow conformational rearrangement stabilizes 
the SRA / HM complex with the 5mC �ipped into the SRA. 

Materials and methods 
th G-labelled oligonucleotides 

2 ′ -Deoxy- D -ribosyl-thienoguanosine ( th G) and its phospho- 
ramidite were synthesized as described [ 43 , 44 ]. The th G- 
labelled sequences (Fig. 1 C) were synthesized and reverse 
phase HPLC-puri�ed by TriLink Biotechnologies (USA) and 
Eurogentec (Belgium), while the unlabelled strands were ob- 
tained from Eurogentec and IBA GmbH. To form the du- 
plexes, the th G-labelled oligonucleotides at 100 μM were 
mixed with their complementary unlabelled oligonucleotides 
at 110 μM in a 20 mM PBS buffer pH 7.5, 150 mM NaCl. 
The duplexes were annealed using a polymerase chain reac- 
tion (PCR) machine (Bio-Rad, USA), starting with an initial 
heating step at 95 ◦C for 5 min, followed by gradual cooling 
to room temperature over 2 h. The resulting duplexes were 
stored as small aliquots at –20 ◦C before use. Each labelled 
duplex is identi�ed through its th G position ( th G 7, th G 5, 
th G 6 ′ , and th G 8 ′ ) and its methylation status (NM and HM) 
(Fig. 1 C). 

Expression and puri�cation of SRA and SRA G448D 

The SRA domain (residues 408 −643 of human UHRF1) and 
its mutant in which the glycine at position 448 is substituted 
by an aspartic acid (SRA G448D) were expressed in E. coli 
BL21(DE3)pLysS and puri�ed according to a previously de- 
scribed protocol with several modi�cations [ 47 ]. Instead of 
LB (Luria Broth), TB media (Terri�c Broth) was used, and 
isopropylthio- β-galactoside (IPTG) was added when the ab- 
sorbance at 600 nm reached between 0.45 and 0.50. The ben- 
e�ts of using TB media for preparing recombinant proteins 
have been well documented [ 48 ]. Moreover, to minimize pro- 
tein degradation and preserve activity, all puri�cation steps 
were performed at 4 ◦C, with the entire process from cell ly- 
sis to �ash freezing of puri�ed proteins, completed within one 
day. This modi�ed strategy led to (i) a 3-fold increase in the 
yield of protein and (ii) an improved and reproducible pro- 
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Figure 1. ( A ) Sequence of the HM dodecamer DNA duplex used in this study and cartoon representation of the SRA-induced base �ipping of 5mC from 

the central mCpG site (highlighted in red). K e y amino acid residues in v olv ed in the stabilization of the base-�ipped conformation are indicated. ( B ) 
Close-up view of the 5mC-binding pocket of the SRA domain, highlighting key amino acid residues involved in the base �ipping process. Both str uct ural 
cartoons were generated from the crystal str uct ure with PDB ID 3CLZ [ 19 ] using UCSF Chimera [ 40 ]. ( C ) HM and NM �uorescently labeled duplexes 
used in this study. Four distinct positions (5, 7, 6 ′ , and 8 ′ ) of the duplex sequence shown in panel A (left) were individually substituted with 
thienoguanosine ( th G), denoted by Y; 5mC is denoted by X. At position 7, 6 ′ , and 8 ′ , th G replaced a G residue while at position 5, th G replaced a C residue. 
In the latter case, we simultaneously replaced the opposite G at position 5 ′ by a C residue to preserve the overall base complement arit y and st abilit y of 
the duplex. 

tein activity, with ∼40% signal increase in base �ipping as- 
says compared to SRA prepared using the previous proto- 
col [ 45–47 ]. The molecular mass of SRA and SRA G448D 

was con�rmed to be ∼ 34 kDa, using 10% Sodium Dode- 
cyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS −PAGE) 
( Supplementary Fig. S1 ) and the Color Prestained Protein 
Standard, Broad Range (10–250 kDa) ladder from New Eng- 
land Biolabs (catalog no. P7719S). SRA activity after produc- 
tion of each batch was tested using the th G 7-labelled HM du- 
plex (Fig. 1 C) by measuring the SRA binding constant (Fig. 2 ) 
and SRA-induced �uorescence increase (Fig. 3 ). The prepared 
SRA is validated when its binding constant is within 20% of 
its target value ( K a = 8 × 10 6 M 

–1 , [ 45 ]) and it increases the 
emission of the th G 7-labelled HM duplex by 5- to 6-fold [ 46 ]. 
For SRA G448D, the preparation is validated when its binding 
constant is within 20% of its target value ( K a = 5 × 10 5 M 

−1 , 
[ 45 ]). 

UV-visible absorption 

The absorption spectra were recorded with a Cary 4000 
spectrophotometer (Varian). The concentrations of the th G- 
labelled and unlabelled oligonucleotides were determined us- 
ing the molar absorption coef�cients at 260 nm, ε 260 , pro- 
vided by the suppliers ( ε unlabelled duplex = 186 300 M 

–1 s –1 , ε th G 

7 = 183 300 M 
–1 s –1 , ε th G 5 = 180 100 M 

–1 s –1 , ε th G 6’ = 

183 300 M 
–1 s –1 , ε th G 8’ = 183 300 M 

–1 s –1 ). A molar absorp- 
tion coef�cient of 43 890 M 

–1 cm 
–1 at 280 nm was used to 

determine the concentration of SRA or SRA G448D [ 45 , 46 ]. 
The spectra were recorded in 20 mM PBS buffer pH 7.5, 50 
mM NaCl, 2.5 mM TCEP, and PEG20000 (0.05%) used to 
prevent protein adsorption onto the cuvette walls [ 45 ]. To get 
accurate measurements of the th G absorption band, the spec- 
tra of the th G-labelled duplexes were recorded at 10 μM. The 
complexes were prepared by combining 12 μM SRA or 20 μM 

SRA G448D with 10 μM duplexes (�nal concentrations) to 
ensure that > 80% of the duplexes are bound by the proteins. 
Deconvolution of the absorption spectra of the th G-labelled 
oligonucleotides to obtain the ππ* absorption band was car- 
ried out as previously described [ 46 ]. 

Steady-state �uorescence spectroscopy and 

anisotropy 

Fluorescence spectra of th G-labelled duplexes were recorded 
with a Horiba Fluorolog �uorimeter, equipped with a Peltier 
thermostat to maintain the cell temperature at 20 ◦C. The �uo- 
rescence spectra were corrected from buffer background emis- 
sion, lamp �uctuations and wavelength dependence of the 
set-up. 

Steady-state �uorescence anisotropy titrations of th G- 
labelled duplexes at 1 μM with increasing SRA concentrations 
have been performed using a Horiba Fluorolog �uorimeter in 
T-format. Fluorescence anisotropy is monitored at 454 nm by 
exciting at 350 nm. During the titration, for each SRA con- 
centration, the anisotropy value corresponds to the average 
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calculated over 10 measurements and taking into account the 
G-factor correction [ 49 ]. From the titration, the equilibrium 

association constant K a of SRA or SRA G448D to the labelled 
duplexes is determined by equations ( 1 ) and ( 2 ): 

r = 
ϑ × R × r t − r d × ( ϑ − 1 ) 

1 + R × ϑ − ϑ 
(1) 

where r and r t are, respectively, the anisotropy of th G-labelled 
duplexes for a given protein concentration and at saturation, 
r d is the anisotropy in absence of protein, R is the ratio of the 
quantum yield of the bound to the free duplex which therefore 
takes into account the changes in �uorescence intensity during 
the titration, and ϑ is the fraction of protein bound to the 
duplexes, calculated by: 

ϑ = 

(

K −1 
a + n ·N t + P t 

)

−

√ 
(

K 
−1 
a + n ·N t + P t 

)2 
− 4 n · P t ·N t 

2 N t 
(2) 

where P t and N t are the total concentrations of protein and 
th G-labelled duplexes, respectively, and n is the number of pro- 
teins bound per duplex and considered to be 1. 

Stopped-�ow kinetics 

The stopped-�ow kinetics of th G-labelled HM and NM du- 
plexes interacting with SRA and SRA G448D have been inves- 
tigated at 20 ◦C using a SFM-3 setup (Biologic, France). We set 
the excitation wavelength at 365 nm and measured the emis- 
sion intensity above 420 nm using a long-pass �lter (ITOS 
GmbH, Germany). The high voltage (HV) is maintained at 
580 V for a good signal-to-noise ratio. Speci�cally, for the NM 

duplexes, the reaction is completed within 0.1 s. Two collec- 
tion regimes for the data points were used. In the �rst, we col- 
lected the maximum number of data points (10 000) within 
0.1 s, and the remaining 9000 data points were recorded be- 
tween 0.1 and 1 s. In the second regime, 2000 points were 
collected in the �rst 0.1 s and 9000 points over the remain- 
ing 0.9 s. Then, the data points have been further averaged by 
group of 4 (Origin: Worksheet > Reduce by Group > N = 4). 
The two approaches were checked to provide the same k obs 
values, but the second approach signi�cantly improved the vi- 
sualization of the early kinetic phases. The dead time for our 
setup under these experimental conditions was 2.7 ms. To cap- 
ture all the kinetic changes of the fast phase, we programmed 
the PMT detector activation for 40 ms before mixing the so- 
lution in the chamber, and special care was taken to degas the 
buffer. The apparent rate constants k obs and the amplitudes 
were determined from the kinetic traces by extrapolating them 

to the true time zero by taking in account the dead time. The 
oligonucleotide concentration after mixing was 0.3 μM, and 
the protein was added at a concentration varying from 1.5 to 
9 μM. 

Dissociation experiments were carried out using an ex- 
cess of calf thymus DNA as a competitor. Calf thymus DNA 

(Type I �bers, sodium salt; Sigma-Aldrich, catalog no. D1501) 
was dissolved in PBS buffer (pH 7.5) and stirred overnight 
to ensure complete solubilization. The concentration of the 
stock solution expressed in nucleotides was determined by 
UV–Vis spectroscopy using an extinction coef�cient ε = 

6 600 M 
-1 cm 

-1 . Complexes were pre-formed by incubating 
0.6 μM of HM or NM duplexes with either 1.5 μM SRA (for 
HM duplexes) or 3.0 μM SRA (for NM duplexes), ensuring 
substantial complex formation based on their respective bind- 

ing af�nities. The pre-formed complex was loaded into one 
syringe of the stopped-�ow apparatus, while the second sy- 
ringe contained 1500 μM calf thymus DNA. Upon mixing of 
equal volumes of the two syringes, the �nal concentration of 
calf thymus DNA in the reaction mixture was 750 μM. Disso- 
ciation of the complexes of SRA with NM and HM duplexes 
was monitored by observing the decrease in th G �uorescence 
intensity. All measurements were carried out under the same 
buffer conditions and data acquisition settings as described 
above, including the instrument’s dead time. All time-resolved 
kinetic phases with HM duplexes were analysed using a bi- 
exponential function. 

y = I f − ( I f − I i ) 
[ 

a · e −k obs 1 ·t + ( 1 − a ) · e −k obs 2 ·t 
] 

(3) 

Here, I f and I i represent the �nal and initial �uorescence inten- 
sity values, respectively, while k obs1 and k obs2 are the observed 
rate constants for the fast and slow resolvable phases, respec- 
tively. The amplitude of the fast kinetic phase is denoted by 
a . With NM duplexes, we reduced equation ( 3 ) to a monoex- 
ponential equation ( a = 1 ) in order to �t the data and extract 
the k obs1 value. For the dissociation experiments—regardless 
of whether HM or NM duplexes were used—the �uorescence 
decay traces were �tted to a single-exponential function us- 
ing equation ( 3 ), with the parameter a �xed at 1. All �ttings 
were carried out with the Origin (Microcal, Northampton, 
MA) software based on the non-linear least-square method 
applying the Levenberg–Marquardt algorithm. 

Numerical analysis with Dyna�t S oftw are 

To validate the proposed kinetic models and determine the as- 
sociated rate constants, the experimental traces were further 
analysed using the numerical solving software Dyna�t [ 50 ]. 
This software performs least-squares �ts of the kinetic traces 
using the classical Levenberg–Marquardt algorithm. Since the 
intensities of the kinetic traces are not corrected for lamp �uc- 
tuations and instrumental responses, we rescaled the plateau 
values of the kinetic curves according to the binding param- 
eters and steady-state �uorescence increases shown in Figs 2 
and 3 , respectively. The response values of the free duplexes 
in Dyna�t were obtained by dividing the measured intensity 
values by the concentration of the free duplex (0.3 μM). The 
response values of the other species involved in the reaction 
mechanism were expressed as a function of the response value 
of the free duplex. 

MD simulation and QM calculations 

MD simulations were run with AMBER 18 using th G param- 
eters that have been previously validated, and a consolidated 
MD protocol [ 47 , 51–55 ]. Macromolecular assemblies were 
built on the X-ray crystallography complex of SRA in com- 
plex with the 12 bp HM duplex (PDB ID: 3CLZ) [ 18 ] (Fig. 
1 A). Replacement of G7 with th G and single point mutations 
(i.e. G448D) were introduced with the LEaP program [ 56 ]. 
The SRA-free duplex was built in Avogadro version 1.2.0 [ 56 , 
57 ], while 5mC parameters were retrieved from the Amber Pa- 
rameter Database (APD, http://amber .manchester .ac.uk ) [ 58 ]. 
In all MD simulations, the ff14SB force �eld was used to 
parametrize SRA, and the OL15 force �eld was used to 
parametrize the DNA duplex [ 59 , 60 ]. Macromolecular sys- 
tems were solvated in a rectilinear box of TIP3P type water 
molecules buffering 14 Å, while Na + ions were added up to 
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Figure 2. Association constants ( K a ) of the th G-labelled HM and NM duple x es to ( A ) SRA and ( B ) SRA G448D, determined by �uorescence anisotropy 
titrations ( Supplementary Figs S2 and S3 ). Duplex concentration was 1 μM. Binding constants were determined by �tting the anisotropy curves to 
equations 1 and 2 , using a binding stoichiometry of 1. When the number of binding sites was left �oating, values close to 1 were systematically obtained 
(data not shown). All experiments were carried out in 20 mM PBS pH 7.5, 50 mM NaCl, 2.5 mM TCEP, and 0.05% PEG 20 0 0 0 at 20 ◦C. Data are 
presented as means and standard deviations for n = 3 replicates. 

charge neutrality. In all simulations, a 2 fs time-step was used. 
Each solvated system was �rst energy minimized through a 
2-run procedure consisting in (i) energy minimization of the 
solvent for 1500 steps with the steepest descent algorithm (SD) 
followed by 3500 steps with the conjugate gradient algorithm 

(CG), and (ii) energy minimization of the solvated solute for 
1500 steps with the SD followed by 6000 steps with the CG. 
Energy minimized systems were then heated to 300 K with the 
Langevin thermostat at constant volume for 2 ns; density was 
equilibrated for 2 ns at constant pressure with the Berendsen 
barostat, and the systems were then relaxed through a pre- 
liminary MD run of 50 ns. Finally, unrestrained MD trajec- 
tories were run at constant pressure for 500 ns. MD analysis 
was carried out with the CPPTRAJ software [ 61 ]. Graphics 
are generated with an open source build of PyMOL, version 
2.2.0 [ 62 ]. 

For QM calculations, our computational model included 5 
or 6 bases of the th G-labelled HM duplex (namely residues 
6, 7, 8, and the complementary bases) considering also the 
phosphodeoxy-ribose backbone, at the fully QM level. The 
geometries of the ground electronic state have been optimized 
with the Density Functional Theory (DFT) method using the 
M052X [ 63 , 64 ] functional combined with the 6-31G(d) ba- 
sis set, considering solvation via an implicit model (Polariz- 
able Continuum Model, PCM [ 65 , 66 ]). Excited state energies 
and intensities (oscillator strength) have been computed on 
top of these geometries at the same level of theory but resort- 
ing to the Time-Dependent version of DFT (TD-DFT). This 
approach has been selected due to its good performance in 
previous studies on th G �uorescence properties both in solu- 
tion and within duplexes [ 46 , 52 ]. All calculations were car- 
ried out with Gaussian16 [ 67 ]. Finally, as detailed below, to 
obtain further information on the effect of the duplex geom- 
etry on th G photophysics, we repeated our analysis using two 
representative structures from the MD simulations as starting 
geometries. 

Results 

Binding constants of th G-labelled oligonucleotides 
for SRA and SRA G448D 

Firstly, to test the impact of the replacement of the natural 
nucleobases by th G, we systematically determined the bind- 
ing constants of the labelled NM and HM duplexes for SRA 

(Fig. 2 A) and SRA G448D (Fig. 2 B) by performing �uores- 

cence anisotropy titrations ( Supplementary Figs S2 and S3 ). 
For all labelled HM duplexes, the af�nity for SRA (Fig. 2 A) 
differed by a factor of less than two as compared to the af�n- 
ity for the non-labelled HM duplex determined by isother- 
mal calorimetry [5.3 ( ±0.7) × 10 6 M 

–1 ] [ 45 ] or by mon- 
itoring SRA intrinsic �uorescence [8.1 ( ±0.2) × 10 6 M 

–1 , 
Supplementary Fig. S4 ]. This difference in binding energy cor- 
responds to a free energy difference of < 450 cal / mol, which is 
substantially less than the free energy of a hydrogen bond (1–
5 kcal / mole) and indicates that the impact of th G is minimal. 
For the corresponding th G-labelled NM duplexes, the values 
of SRA af�nity are in line with that for the non-labelled du- 
plexes [1.43 ( ±0.07) × 10 6 M 

–1 , Supplementary Fig. S4 ] and 
consistently 2- to 4-fold lower than for HM duplexes, indicat- 
ing that th G preserved the SRA binding preference for HM du- 
plexes [ 16–19 , 68–71 ] and therefore nearly perfectly replaced 
the natural nucleobases. Of note, the modest binding prefer- 
ence of SRA for HM duplexes was con�rmed by comparison 
with non-CpG-containing duplexes, showing af�nities com- 
parable to NM duplexes (data not shown), in line with previ- 
ous studies [ 41 , 71–73 ] and with the reader role of UHRF1. 
Indeed, if SRA af�nity for non-CpG sites would be too low, 
the protein would rapidly dissociate and terminate the reading 
process. Similarly, if the af�nity of mCpG sites was too high, 
the protein would be blocked at this site, which would again 
impact the reading process. 

In contrast, the binding constants of SRA G448D ( ∼2.5–
5 × 10 5 M 

−1 ) were similar for HM and NM duplexes, irre- 
spective of the labelled position, and one order of magnitude 
lower than those of SRA (Fig. 2 B). Thus, replacement of G448 
by D is con�rmed to diminish af�nity and abolish preference 
for HM duplexes [ 18 , 45 ], independently on the position of 
th G in the sequence. Moreover, similar binding constants were 
obtained with duplexes where the CpG motifs were replaced 
by CpA or CpT motifs, indicating that SRA G448D binding 
is essentially non-speci�c ( Supplementary Fig. S5 ). 

Changes in absorption and emission spectra of 
th G-labelled duplexes on interaction with SRA and 

SRA G448D 

We previously showed that in the free HM duplex labelled 
at position 7, the ππ* absorption band responsible for th G 

emission coexists with a non-emissive blue-shifted band re- 
sulting from charge transfer (CT) between th G and its �ank- 
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Figure 3. Increase in the absorption and �uorescence of th G-labelled HM and NM duple x es upon addition of SRA ( A and B ) or SRA G448D ( C and D ). 
The increase in absorbance was calculated as A SRA / A free , where A SRA and A free are the integrals of the deconvoluted th G ππ* absorption band of the 
th G-labelled duple x es, in the presence and absence of SRA, respectiv ely (panels A–D in Supplementary Figs S6 and S7 ). T he increase in �uorescence 
was calculated as F SRA / F free , where F SRA and F free are the integrals of the �uorescence spectra in the presence and absence of SRA, respectively 
(panels E–H in Supplementary Figs S6 and S7 ). Excitation w a v elength w as 350 nm. Experiment al conditions are as in Fig . 2 . Dat a are presented as 
means and standard deviations for n = 3–5 replicates. 

ing residues [ 46 ]. Moreover, we showed that base �ipping of 
5mC at position 6 by SRA strongly increases this ππ* absorp- 
tion band, providing a nearly parallel increase in th G emis- 
sion. These �ndings indicated that the major contribution to 
the �uorescence enhancement originates from an increase in 
absorbance, rather than from a substantial change in �uo- 
rescence quantum yield. In this context, our aim was to in- 
vestigate if similar spectral changes can be observed when 
th G is incorporated at position 5, 6 ′ , and 8 ′ in HM and NM 

duplexes. 
For all four positions, addition of SRA to the labelled HM 

duplexes induced a large increase in th G’s ππ* absorption (Fig. 
3 A, red bars and Supplementary Fig. S6 , panels A–D) and 
emission (Fig. 3 B, red bars and Supplementary Fig. S6 , panels 
E–H), indicating that all four positions can be used to moni- 
tor the DNA–protein interaction. The largest changes (4- and 
5.5-fold, respectively) were observed for th G at position 7 (Fig. 
3 A and B, red bars), which is thus the most sensitive position 
to SRA interaction. For the other three positions (5, 6 ′ , and 
8 ′ ), the changes in ππ* absorption and emission were 2- to 3- 
fold and 3- to 4-fold, respectively, suggesting that structural 
perturbations are not restricted to the immediate vicinity of 
5mC. 

Interestingly, a 2- to 2.7-fold increase in both th G absorp- 
tion and emission was also observed when SRA was added 
to the NM duplexes (Fig. 3 A and B, blue bars). Comparison 
of the red and blue bars in Fig. 3 A and B indicates that the 
�uorescence and absorption increases for NM duplexes are 
systematically 1.3- to 2-fold lower than for HM duplexes, sug- 
gesting that SRA induced smaller changes in NM duplexes as 
compared to HM duplexes at all positions. 

SRA G488D used at a concentration ensuring at least 80% 

duplex binding, induced only modest changes (on the average 
1.2- to 1.3-fold) in the absorption and emission of th G, in- 

dependently of its position and the methylation state of the C 

residue at position 6 (Fig. 3 C and D, Supplementary Fig. S6 A–
H and Supplementary Fig. S7 A–H). This con�rms that SRA 

G448D interacts in the same manner with HM and NM du- 
plexes, likely inducing only marginal structural changes in the 
bound duplex. 

Kinetics of SRA and SRA G448D interaction with 

NM and HM duplexes 

We next investigated the kinetics of the interaction of SRA 

with th G-labelled HM duplexes (Fig. 4 A–D, red traces) and 
NM duplexes (Fig. 4 A–D, blue traces) using the �uores- 
cence stopped-�ow technique. It should be kept in mind that 
the time scales for absorption (attoseconds) and �uorescence 
(nanoseconds) being several orders of magnitude faster than 
the millisecond recording time of our stopped-�ow instru- 
ment, the formation of the various complexes is associated 
with “simultaneous and instantaneous”changes in absorption 
and emission signals. Comparison with the traces recorded in 
the absence of protein (Fig. 4 A–D, black curves) revealed an 
initial �uorescence increase too fast to be resolved, suggest- 
ing the presence of a kinetically unresolvable step. This un- 
resolvable step was clearly evidenced for the interaction of 
both th G-labelled HM and NM duplexes with SRA G448D, 
which binds duplexes but lacks base �ipping activity [ 18 ] 
( Supplementary Fig. S8 ). With this mutant, th G �uorescence 
changes at all four positions occurred exclusively within the 
dead time of the stopped-�ow setup, resulting in a �at time 
trace ( Supplementary Fig. S9 A–D, red and blue traces). Fur- 
thermore, the close similarity of the kinetic traces in each 
panel of Supplementary Fig. S9 con�rmed that SRA G448D 

interacts in the same way with NM and HM duplexes. No- 
tably, kinetically unresolvable steps are frequently observed in 
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Figure 4. Interaction kinetics of SRA with HM and NM duple x es labeled with th G at positions 7 ( A and E ), 5 ( B and F ), 6 ′ ( C and G ), and 8 ′ ( D and H ), 
measured by stopped-�ow �uorescence. The concentration of each duplex was 0.3 μM after mixing. Excitation was at 365 nm, and emission was 
collected abo v e 420 nm using a long-pass �lter. Experiments w ere carried out in the same buffer as in Fig. 2 . Panels A–D sho w representativ e kinetic 
traces. Control traces obtained by mixing HM and NM duple x es with buffer are shown in black and orange, respectively, and are largely superimposable. 
Blue and red traces represent the interaction of NM and HM duple x es, respectiv ely, with SRA (7.5 μM). T he solid gre y lines sho w the �ts of the data to 
equation ( 3 ). The insets in panels A–D display the zoomed early-time region in order to highlight the fast kinetic phases observed with the th G-labelled 
NM duple x es and the HM duple x labeled at position 6 ′ . Panels E–H sho w the observ ed rate constants k obs1 ( �) and k obs2 ( �) as a function of the 
[SRA] / [DNA] concentration ratio for HM (red) and NM (blue) duplexes. The solid lines representing the average values, indicate that the k obs values are 
independent of SRA concentration. Enlarged versions of the insets are provided in Supplementary Fig. S10 A–D, together with a zoom of the kinetic 
traces of the free duple x es. 

protein–DNA interactions and are attributed to a very rapid 
non-speci�c encounter followed by protein sliding and bind- 
ing to its target site [ 26 , 74–77 ]. 

It should be kept in mind that the changes in the kinetic 
traces of SRA interaction with NM duplexes (insets of Fig. 
4 A–D and Supplementary Fig. S10 A–D) revealed a sharp �uo- 
rescence increase, governed by an observed rate constant, k obs1 
(300–600 s –1 ), independent of SRA concentration and the la- 
belled position. This suggests that all th G positions monitor 
the same �rst order molecular event. Moreover, by including 
the initial non-resolvable step as an adjustable �uorescence in- 
tensity I i at t = 0 in equation 3 , we found that the ratio of I i to 
I 0 , the intensity of the free duplex, was well consistent with the 
�uorescence change observed upon binding of SRA G448D to 
the labelled duplexes (Fig. 3 D). This con�rms an unresolvable 
step for SRA, which probably describes the same initial bind- 
ing process as SRA G448D. 

For SRA interaction with HM duplexes, the kinetic traces 
were clearly biphasic (Fig. 4 A, B, and D) with the exception for 
th G at 6 ′ position, where the kinetic trace is parallel to the trace 
obtained with the corresponding NM duplex (Fig. 4 C). The 
initial unresolvable step as well as the k obs1 values (Fig. 4 E–H) 
and associated �uorescence changes ( Supplementary Fig. S11 ) 
of the fast resolvable phase were similar to those with NM 

duplexes, suggesting that they describe the same molecular 
events. The k obs2 values governing the slow phase only ob- 
served with HM duplexes were found to be independent of 
SRA concentration, but not of th G position with the follow- 
ing order: th G7 (14 ± 1 s –1 ) < 

th G8’ (24 ± 1 s –1 ) < 
th G5 

(44 ± 2 s –1 ). In order to exclude the possibility that th G at 
different positions perturbs the interaction to different ex- 

tents, we monitored the kinetic traces of SRA interaction with 
NM and HM duplexes doubly labelled at positions 7 and 
8 ′ ( Supplementary Fig. S12 ). While the k obs1 value (540 s –1 ) 
closely matches the k obs1 values of all singly labelled HM and 
NM duplexes, the k obs2 value (16.8 s -1 ) of the HM duplex ap- 
pears as an average of the values observed for th G at position 
7 and 8 ′ , which are too close to be resolved. This observa- 
tion excludes that th G signi�cantly perturbs the two kinetic 
phases and con�rms that at least one kinetic step is slower 
at position 7 as compared to position 8 ′ . In contrast to the 
rather constant (2-fold) increase in �uorescence induced by 
the fast resolvable step at all four th G positions, the �uores- 
cence change associated with the slow phase varies with th G 

position, being 2.3-, 2-, and 1.5-fold at positions 7, 8 ′ , and 5, 
respectively. The absence of a slow step with HM duplexes la- 
belled with th G6 ′ , while the binding speci�city of SRA to HM 

duplexes is preserved (Fig. 2 A), suggests that the �uorescence 
signal associated with th G at this position is insensitive to the 
slow step. 

Dissociation experiments were next performed by adding 
a large excess of calf thymus DNA to preformed complexes 
of SRA with th G-labelled HM or NM duplexes (Fig. 5 ). For 
both NM and HM duplexes, the �uorescence decay traces 
were adequately �tted to a single-exponential function. The 
values of the observed dissociation rate constants were found 
to marginally depend on the position of th G and to be one or- 
der of magnitude higher for NM duplexes (30–70 s –1 ) as com- 
pared to HM duplexes (3–5 s –1 ). These rate constants could be 
considered as the rate limiting steps for the dissociation of the 
two complexes and therefore, be used to constraint the kinetic 
model. 
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Figure 5. Dissociation kinetics of the comple x es of SRA bound to HM and NM duple x es, as monitored by stopped-�ow �uorescence measurements. 
Dissociation was triggered by mixing the pre-formed protein–DNA complexes with a large excess of calf thymus DNA. ( A –D ) Dissociation kinetic traces 
for NM duplexes. Each panel shows the dissociation trace of the complexes of SRA with th G-labelled NM duplexes upon addition of calf thymus DNA 
(blue trace) or buffer (black trace). Comple x es w ere prepared using 0.6 μM NM duple x and 3.0 μM SRA prior to mixing with an equal v olume of 1500 
μM calf thymus DNA. The grey lines are the single-exponential �ts to the dissociation traces using the observed rate constant ( k obs ) given in the panels. 
( E –H ) Dissociation kinetic traces for HM duplexes. Complexes were prepared with 0.6 μM HM duplex and 1.8 μM SRA prior to mixing with an equal 
volume of 1500 μM calf thymus DNA. The black traces show SRA / HM duplex complexes mixed with buffer, while the red traces show their dissociation 
upon addition of calf thymus DNA. The grey lines are the single-exponential �ts to the dissociation traces using the observed rate constant ( k obs ) given in 
the panels. All experiments were performed in 20 mM PBS (pH 7.5), 50 mM NaCl, 2.5 mM TCEP, and 0.05% PEG20 0 0 0, at 20 ◦C. 

Scheme 1. Kinetic model describing the interaction of SRA with HM and 
NM duple x es. P and N describe the free protein and th G-labeled duple x, 
respectively. NP ns describes the complex after the initial non-speci�c 
binding. NP � corresponds to the �nal complex with NM duplexes, but an 
intermediate complex with HM duplexes. NP st corresponds to the �nal 
stable complex with HM duplexes. The intensities of N, NP ns , NP �, and 
NP st are denoted I x , where x = 0, ns, �, and st, respectively . 

Modelling the kinetics of SRA interaction with NM 

and HM duplexes 

Based on the data presented above, we established reaction 
Scheme 1 , where the bimolecular step with rate constants k 1 
and k –1 is assumed to represent non-speci�c binding to the du- 
plex (N) and subsequent sliding of the protein (P) towards the 
CpG site, resulting in the formation of the NP ns intermediate. 
This �rst step is common to SRA and SRA G448D interactions 
with both NM and HM duplexes. As this step is the only one 
observed for SRA G448D, it follows that k +1 / k –1 = K G448D , 
the association constant shown in Fig. 2 B, while I ns , the �u- 
orescence intensity of the non-speci�c NP ns complex, is de- 
duced from Fig. 3 D. The second step governed by the forward 
k 2 and backward k –2 rate constants is common for SRA inter- 

action with NM and HM duplexes, leading to the NP � species, 
which is the �nal species for NM duplexes, but an intermedi- 
ate for HM duplexes. Therefore, it can be deduced that K G448D 

· k 2 / k –2 = K NM , the association constant of SRA to NM du- 
plexes (Fig. 2 A, blue bars) and I �, the �uorescence intensity 
of the resulting NP � complex, is deduced from Fig. 3 B (blue 
bars). Finally, in HM duplexes, the third step with rate con- 
stants k 3 and k –3 leads to the �nal stable complex NP st , whose 
structure has been solved [ 18 ]. Since the formation of NP st in- 
cludes the two �rst steps observed with NM duplexes, it im- 
mediately follows that K NM · k 3 / k –3 = K HM , the association 
constant of SRA to HM duplexes (Fig. 2 A, red bars) and I st , 
the �uorescence intensity of NP st is deduced from Fig. 3 B (red 
bars). 

Since k obs 1 is independent of SRA concentration, the kineti- 
cally resolved steps 2 and 3 (Scheme 1 ) can be separated from 

the initial binding step, which is obviously concentration- 
dependent. Accordingly, we can assume that the �rst binding 
step is fully equilibrated within the dead time of the instru- 
ment and not re�ected in the subsequent steps. In addition, 
since step 2 is much faster than step 3 ( k obs1 >> k obs2 ), the 
k obs1 and k obs2 values are related to the rate constants of steps 
2 and 3, according to [ 78 ]: 

k obs 1 = k 2 + k −2 and k obs 2 = 

k 3 
k 2 
k −2 

1 + 
k 2 
k −2 

+ k −3 (4) 

The initial rapid binding step must be included in the anal- 
ysis, as it controls the amount of NP ns intermediate enter- 
ing the unimolecular steps. As Dyna�t does not support the 
analysis of kinetic models in which a step is described by an 
equilibrium constant instead of its kinetic rate constants, we 
were forced to make assumptions about the rate constants k 1 
and k –1 associated with the initial step. Since this step gov- 
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Figure 6. Kinetic rate constants for the interaction of SRA with HM and NM duplexes labelled with th G at four different positions. The kinetic rate 
constants were obtained from the global �t of the kinetic traces in Supplementary Fig. S13 using the Dyna�t software and the kinetic model shown 
abo v e. As mentioned in the text, the k 1 value was set to 3 × 10 9 M –1 s –1 , but the values of all other rate constants were let �oated. To enhance 
visualization, different colours are used to represent the various rate constants. *The k 3 value for the th G 6 ′ HM duplex could not be directly determined 
due to the absence of a detectable slow kinetic phase. Instead, k 3 was calculated by: k 3 = K a k –1 k –2 k –3 / ( k 1 k 2 ) where K a is the equilibrium association 
constant of SRA for the th G6 ′ HM duplex given in Fig. 2 A and the k -3 value was taken from Fig. 5 G. 

erns the interaction of SRA G448D with the duplexes, the 
k 1 value was arbitrarily set at 3 × 10 9 M 

–1 s –1 , an interme- 
diate value between the lower limit of 5 × 10 8 M 

–1 s −1 , de- 
termined from the lowest SRA G448D concentration (2 μM) 
used in the experiment and the largest k obs value (1000 s –1 ) 
measurable in our instrument, and the upper limit of 10 10 

M 
–1 s –1 expected for diffusion-controlled DNA binding [ 26 , 

33 ]. Using equations ( 4 ) and the above-mentioned relation- 
ships between equilibrium association constants and kinetic 
rate constants to provide initial estimates for the rate con- 
stant values, we numerically �tted all kinetic traces of SRA 

interaction with HM and NM duplexes within the frame of 
Scheme 1 using Dyna�t software ( Supplementary Fig. S13 ). 
As can be seen from the residuals, excellent �ts were obtained 
with both NM and HM duplexes for all the labelled positions, 
with �tted rate constants (Fig. 6 ) that deviate marginally from 

the initial estimates. This excellent �t in an overdetermined 
system with a constrained set of kinetic rate constants gives 
great con�dence in the model used and the values of the rate 
constants. 

Importantly, k 2 values are close to the values of the rate con- 
stants governing the base �ipping activity of many enzymes 
[ 25–28 , 30 , 31 , 35 , 38 ], strongly suggesting that this step could 
be attributed to the base �ipping of the C / 5mC residue at posi- 
tion 6 in NM / HM duplexes. Determination of k 2 values from 

the �tting of the kinetic traces is a major step forward, in com- 
parison to our preliminary study [ 45 ], where this step could 
not be resolved due to the technical limitation of the previous 
generation stopped-�ow set up. In contrast to the k 2 values, 
the values of the k 3 rate constant governing the slow phase 
depended on th G position, being of 43 ± 1 s –1 , 22 ± 1 s –1 , 
15 ± 1 s –1 , and 8.5 ± 1 s –1 , for th G at positions 5, 8 ′ , 7, and 6 ′ 

respectively. Given that similar slow and sometimes position- 
dependent kinetics have been described with base-�ipping en- 

zymes [ 28 , 30 , 32 , 35 , 38 ], the rate constant k 3 , by analogy, 
probably governs the progressive conformational changes oc- 
curring in the SRA / DNA complex after base-�ipping. 

Molecular dynamics simulations and quantum 

mechanical calculations 

To further investigate the SRA / duplex interaction and the as- 
sociated changes in th G emission, we performed MD simula- 
tions and QM calculations using the 3D structures available 
for the SRA / HM duplex [ 17–19 ]. Being highly demanding, 
QM calculations were focused on the duplex labelled by th G 

at position 7, which exhibits the largest �uorescence changes 
upon interaction with SRA. 

Up to three replicas of unbiased MD simulations were run 
for 500 ns in explicit water, starting from the available struc- 
ture of SRA in complex with the HM duplex [ 18 ] as well as 
with the SRA-free HM duplex. The complexes between SRA 

and the HM duplex as well as the HM duplex labelled by 
th G at position 7 were investigated by MD simulations, us- 
ing the th G parameters validated previously [ 52 , 53 ]. MD re- 
sults were analysed by multiple descriptors, including the root- 
mean square deviation (RMSD) along MD time and the cal- 
culation of distances between target residues and / or atoms. 
Finally, a representative frame was extracted from MD tra- 
jectories as the centroid of the most populated cluster of MD 

frames, by clustering MD trajectories with a hierarchic ag- 
glomerative algorithm. MD representative frames were used 
for structural interpretation and as input in QM calculations. 
Overall, we con�rmed by MD that replacing G by th G at po- 
sition 7 has a marginal impact on the structure of the du- 
plexes [ 52 ]. Indeed, the representative frames of SRA / HM 

complexes bearing G or th G in position 7 are highly superim- 
posable (C α RMSD = 0.58 Å) as are the all-atom RMSD plots 
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Figure 7. Distances between nucleobases G6 ′ and C7 ′ ( A ) and G5 ′ and G6 ′ ( B ) in the MD trajectories. The distances calculated in the SRA / HM 

comple x es bearing G or th G at position 7 are shown in black and red, respectively. The green dashed lines show the frames that were extracted for QM 

calculations, corresponding to a perturbed (250 ns) and a con v ergent (400 ns) conformation of the SRA / HM complex bearing th G at position 7. 

calculated along MD trajectories ( Supplementary Fig. S14 A 

and B). 
We then calculated inter-nucleotide distances along MD 

trajectories near position 7 to determine whether th G could 
trigger local perturbations in the SRA / HM complex. Speci�- 
cally, the G6 ′ –C7 ′ distance is stable in the SRA / HM complex, 
but �uctuates when th G replaces G7 (Fig. 7 A). Following an 
increase in the distance within the �rst part of the MD trajec- 
tory, the distance decreases after ∼ 300 ns to reach a plateau 
value, slightly below the value observed in the SRA / HM com- 
plex bearing G7. As expected, this behaviour is also observed 
in the �anking pair (G5 ′ –G6 ′ ) although in this case the devia- 
tion from the wild-type system is lower (Fig. 7 B). 

In summary, MD simulations suggest that th G at position 
7 has marginal impact on the overall structure and confor- 
mational stability of the SRA / HM complex, thus con�rm- 
ing its ability to properly mimic and replace G nucleotides. 
Nevertheless, th G induces slight local perturbations, but in sil- 
ico and biophysical studies indicated that these local changes 
marginally impact the properties and kinetics of the SRA / HM 

complex. Accordingly, two frames that describe the locally 
perturbed and the convergent conformation of the SRA / HM 

complex bearing th G were extracted from MD trajectories at 
250 and 400 ns, respectively (green dashed lines, Fig. 7 ). These 
two frames differ mainly by the structural behaviour of the 
G6 ′ base that is hydrogen bonded to the �ipping 5mC. In the 
frame at 250 ns, G6 ′ is quite close to the opposite strand, and 
in particular to the sugar ring of th G (distant only 3.4 Å). As a 
consequence, we label this frame as “G6 ′ close.” In contrast, 
in the frame at 400 ns, G6 ′ is farther from the opposite strand 
(distance from 

th G sugar ring > 4.6 Å). This frame at 400 ns 
is labelled as “G6 ′ far.” These frames, together with the rep- 
resentative structures extracted by cluster analysis, were then 
submitted to QM calculations. To allow structural compar- 
isons, a representative frame was also extracted from the MD 

trajectory of the SRA-free HM duplex, and was submitted to 
QM calculations as well. 

QM calculations were performed to better understand the 
consequences of 5mC �ipping on the spectroscopic proper- 
ties of th G. In particular, we wanted to rationalize the increase 
of the th G �uorescence upon 5mC �ipping and shed light on 
its dependence on the conformation of the two strands. On 

this basis, we could explain the complex dynamics revealed 
by stopped-�ow data in term of the structural rearrangements 
of the duplex. We thus computed the absorption spectra of 
four representative DNA fragments (�ipped or un�ipped) and 
determined the emission properties of their excited state min- 
ima. A more extensive discussion on changes in the absorp- 
tion spectra and related �uorescence data can be found in the 
Supplementary Information. As detailed below, in this case, 
the analysis of the computed absorption and emission spectra 
provide convergent indications, increasing the solidity of our 
interpretative framework. 

As �rst step of our analysis, the 5mC 
th GC / GCG fragment 

(G at position 7 is replaced by th G) was extracted from the 
representative structure of the SRA-free duplex obtained by 
MD simulation and then re-optimized (ground state mini- 
mum, Fig. 8 A). This should be a representative structure of 
the non-�ipped duplex, where th G is stacked with 5mC. To 
simulate its absorption spectrum, we computed the transi- 
tion energies of the lowest excited states for this fragment. 
As shown in Table 1 and Supplementary Table S1 , S 1 mainly 
corresponds to the lowest energy ππ* bright state localized 
on th G (hereafter th G*). S 2 has a predominant character of a 
charge transfer (CT) state from 

th G to C8, whereas S 3 derives 
from the mixing between the bright ππ* excited state local- 
ized on 5mC (hereafter 5mC*) and the th G → 5mC CT state 
( Supplementary Fig. S15 ). S 4 can be described as a CT state 
involving G8 ′ and C7 ′ ( Supplementary Table S1 ), and S 5 as 
th G → 5mC CT state. 

Geometry optimization of S 1 leads to a minimum local- 
ized on th G* ( th G*-min). S 2 geometry optimization leads to 
th G → C8 ( th GC-CT-min), only 0.24 eV less stable than th G*- 
min. In line with previous investigations [ 46 , 52 ], the de- 
crease in th G �uorescence quantum yield can be associated to 
these non-emissive CT states involving stacked partners (5mC 

and C8), which can act as quenchers of the emission from 
th G*-min. 

To explore the photophysical features of th G after 5mC base 
�ipping and identify the possible determinants of the �uo- 
rescence changes associated with the slow step, we �rst op- 
timized the th GC / GCG fragment of the SRA-free duplex, but 
where the 5mC residue has been removed. As shown in Fig. 
8 B, the stacking geometry of G6 ′ is similar to that observed 
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Figure 8. Optimized ground state electronic minima for ( A ) the 5mC th GC / GCG fragment from a representative str uct ure of the MD simulation on the free 
duplex; ( B ) the th GC / GCG fragment, starting from the non-�ipped minimum and removing the 5mC base; the th GC / GCG �ipped fragment, starting from 

the frame at “G6 ′ close”-250 ns ( C ) or at G6 ′ -far- 400 ns ( D ) of the MD simulation of the �ipped duplex. Selected stacking distances (in Å) are reported. 

Table 1. Adiabatic energies (VAE), in eV, oscillator strength (osc) and schematic description of the lo w est energy e x cited states in v olving th G, computed 
for the 5mC th GC or th GC fragments of different representative str uct ures a 

Non-�ipped GS minimum Flipped Flipped (G6’ close) frame 250 ns Flipped (G6’ far) frame 400 ns 

VAE (osc) Descr. VAE (osc) Descr. VAE (osc) Descr. VAE (osc) Descr. 

S 1 4.14 (0.15) th G* 4.23 (0.19) th G* 4.27 (0.19) th G* 4.10 (0.18) th G* 
After opt 3.63 (0.17) 

3.21 

th G*-min 3.73 (0.21) 
3.28 

th G*-min 3.74 (0.21) 
3.19 
3.62 (0.12) 
3.10 

th G*-min 

th G* / th GC-CT- 
min 

3.58 (0.19) 
3.13 

th G*-min 

S 2 4.74 (0.02) th G → C8 4.99 (0.045) th G → C8 + C8* 4.97 (0.00) th G → C8 4.91 (0.05) th G → C8 
After opt 3.87 (0.01) 

2.99 

th GC-CT-min 4.18 (0.02) 
3.24 

th GC-CT-min decay to 
th G*-min 

decay to 
th G*-min 

S 3 5.11 (0.17) 5mC* + 
th G → 5mC 

S 5 5.15 (0.01) th G → 5mC 5.14(0.02) b G6’ → th G 

a PCM / TD-M052X / 6-31G(d) calculations in water. Emission energies are in bold. The non-�ipped 5mCthGC / GCG fragment was extracted from the represen- 
tative structure of the SRA-free duplex obtained by MD simulation and then re-optimized. The �ipped state corresponds to the optimized thGC / GCG fragment 
of the SRA-free duplex, but where the 5mC residue has been removed. The �ipped G6 ′ close and G6 ′ far structures correspond to optimized thGC / CG fragments 
obtained from two MD structures representative of two different arrangements of the �ipped DNA in complex with SRA at 250 and 400 ns of the simulation 
time, respectively. See Supplementary Table S1 for additional data. 
b This structure corresponds to S4. 

in Fig. 8 A, although the amino group of G6 ′ is slightly closer 
to th G. The lowest energy excited states computed in the min- 
ima (Table 1 ) are similar to those in the non-�ipped duplex, 
but without excited states related to 5mC. Moreover, S 2 has 
a smaller CT character, but with signi�cant coupling to C8*. 
Similar to the non-�ipped duplex, S 1 geometry optimization 
leads to a minimum localized on th G* ( th G*-min). We also 
located th GC-CT-min, which is 0.45 eV less stable than th G*- 
min, i.e. its relative stability is lower than that of the 5mC- 
containing duplex. These results account for the increase of 
th G* �uorescence. After �ipping, the intrastrand CT states are 

less effective quenchers of th G* �uorescence, as 5mC is absent 
and th GC-CT-min is relatively less stable. 

In the �nal step of our analysis, we explored the depen- 
dence of the spectral properties of th G on the structural fea- 
tures of the opposite strand and optimized the th GC / CG frag- 
ment starting from two MD structures representative of two 
quite different arrangements of the �ipped DNA in com- 
plex with the protein (Fig. 7 ), i.e. at 250 (G6 ′ close) and 
400 ns (G6 ′ far) of the simulation time. Geometry optimiza- 
tion of the former structure in the absence of the protein 
leads to the minimum shown in Fig. 8 C, where G6 ′ is par- 
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tially stacked on th G, forming a hydrogen bond (in red in 
Fig. 8 C) with the sugar of the opposite strand. In this struc- 
ture, th G and C8 exhibit a peculiar stacking geometry, with 
the pyrimidine ring of th G almost in a perfect face-to-face 
arrangement. The lowest energy excited states of this mini- 
mum are described in Table 1 and Supplementary Table S1 . 
While the three lowest energy excited states are similar to 
those found for the �ipped duplex, we �nd a “new” excited 
state (S 4 ) with a signi�cant G6 ′ → 

th G CT character in G6 ′ 

close ( Supplementary Fig. S16 ). Excited state geometry opti- 
mizations provide a picture somewhat different from that for 
the un�ipped structure. Indeed, S 1 optimization converges to 
a minimum with signi�cant CT character (as indicated by the 
smaller intensity), where the two pyrimidine rings of th G and 
C8 get closer ( Supplementary Figs S17 A and S18 ). Likely due 
to the strong coupling with the th G* excited state, it has not 
been possible to locate a minimum for the th GC-CT, and decay 
to th G* is always predicted ( Supplementary Table S1 ). Inter- 
estingly, we also located a pure th G* minimum (i.e. without a 
signi�cant CT character), where G6 ′ keeps the hydrogen bond 
with the opposite strand, but th G shows a smaller overlap with 
C8 ( Supplementary Fig. S17 B). 

In the G6 ′ far frame at 400 ns, G6 ′ is poorly stacked with 
th G (Fig. 8 D) and, therefore, no excited states involving the 
two bases are found among the lowest energy ones (Table 1 ). 
Geometry optimization of S 1 leads to th G*-min, where the ex- 
citation is still well localized on th G ( Supplementary Fig. S19 ). 
Geometry optimization of S 2 does not locate a real minimum 

for th GC-CT and decay to th G* is predicted. 
In conclusion, by studying three different arrangements of 

a duplex lacking the 5mC base stacked with th G, we obtain 
some clues about the structural rearrangements that follow 

the base �ipping step and that are monitored by changes in 
th G �uorescence associated with the slow kinetic step. Our 
calculations indicate that (i) in addition to stacking with 
5mC, the photophysical properties of th G are also sensitive 
to the conformation adopted by the G6 ′ residue opposite the 
“�ipped”5mC and that (ii) structural arrangements involving 
greater stacking between th G and G6 ′ are possible, leading to 
an additional channel for �uorescence quenching, involving 
an excited state with strong G6 ′ → 

th G CT character. 
Finally, to investigate the origin of the small �uorescence in- 

crease accompanying the initial binding step, we compared the 
MD structure of the HM duplex complexed with SRA G448D 

( Supplementary Fig. S20 ) assumed to mimic NP ns in Scheme 
1 with the structure of the free duplex. This comparison re- 
vealed a signi�cant displacement of the G6’ residue as a result 
of the insertion of the Arg491 residue of SRA G448D. This dis- 
placement increases the mean distance with th G7 from 6.2 to 
6.85 Å, which may in turn lead to a decrease in the CT-induced 
quenching processes and thus, explain the small �uorescence 
increase on NP ns formation. 

Discussion 

Base �ipping is a key process used by many enzymes, such 
as DNA methyltransferases, DNA repair enzymes, and RNA 

modi�cation enzymes, to chemically modify their substrates. 
UHRF1 does not alter DNA on its own, but uses the base �ip- 
ping process induced by its SRA domain during HM DNA 

reading to recruit the methylation protein DNMT1 to mCpG 

sites [ 17 , 19 ]. While the base �ipping mechanism has been ex- 

tensively studied in enzymatic reactions, information on its 
mechanism in non-enzymatic processes is scarce. 

To investigate the base �ipping mechanism of the SRA do- 
main of UHRF1, we have used the FNA 

th G that nearly per- 
fectly substitutes G in DNA duplexes and sensitively reports 
on local conformational changes through parallel changes in 
absorbance and �uorescence linked to stacking-induced mod- 
ulation of th G’s electronic states [ 42 , 44 , 46 , 52 ]. To obtain 
a full picture, we have substituted four positions within (7 
and 6’) or next to (5 and 8’) the CpG site. Individually re- 
placing the natural nucleobases with th G in all four positions 
preserved the binding selectivity of SRA to HM duplexes com- 
pared to NM duplexes [ 71 , 72 , 79 ], con�rming that th G does 
not signi�cantly alter the interaction with SRA (Fig. 2 ). While 
the base-�ipping incompetent SRA G448D induced only lim- 
ited change in the absorption and emission of th G (20%–
30%), two-fold changes in these features were observed for 
SRA binding to the th G-labelled NM duplexes, and up to six- 
fold for binding to the th G-labelled HM duplexes (Fig. 3 ). 

Using stopped �ow techniques, we deduced a two-step in- 
teraction model for NM duplexes and a three-step model for 
HM duplexes (Fig. 9 ). The �rst step, common to HM and 
NM duplexes, is tentatively attributed to SRA’s non-speci�c 
binding and further sliding towards the CpG site, as its high 
kinetic rate constant value ( k 1 = 3 × 10 9 M 

–1 s –1 ) is compara- 
ble to that observed for other base �ipping proteins [ 25 , 31 , 
35 , 77 , 80 ], where a similar process was reported. This value 
is too high for a collisional rate constant and can only be ex- 
plained if the initial non-speci�c interaction of SRA with DNA 

is followed by facilitated diffusion [ 81–84 ]. This process con- 
sists primarily of two motions: (i) hopping, where the protein 
jumps off the DNA and undergoes 3D diffusion before associ- 
ating to the same or a different segment of DNA and (ii) sliding 
where a protein diffuses along the major groove of DNA with- 
out losing contact. While hopping is more relevant for long 
DNA sequences, sliding is the preferred mode for short DNA 

sequences, such as the 12 bp-duplex used in our work. Slid- 
ing is a one-dimensional process, which considerably reduces 
the space to be covered and therefore speeds up the process 
of reaching a target site (the CpG site, in our case). In further 
support of the sliding hypothesis, based on the diffusion coef- 
�cients reported for well-known DNA-binding proteins [ 81 ], 
the estimated time to scan the maximum distance of six base 
pairs to reach the central four base pair binding site centred 
around the CpG motif in the 12 bp duplex [ 18 ] is < 0.1 ms 
and therefore, well below the dead time of our stopped �ow 

set-up. As suggested for several enzymes [ 85 , 86 ] and by the 
3D structure of the SRA complex with the HM duplex, the 
SRA peptide chain likely plays a major role in this �rst step 
by acting like a palm that locally bends and destabilizes the 
DNA backbone [ 18 , 19 ], while the NKR �nger and the Val 
446 residue acting as a thumb contribute to the recognition 
of the CpG site. Further support for this sliding hypothesis 
will require additional experiments using for instance single 
molecule techniques with longer DNA sequences [ 81 , 82 ]. 

This �rst step is followed by a unimolecular step common 
to HM and NM duplexes, associated with base �ipping of the 
5mC or C residue in the CpG site. The forward ( k 2 = 400–
550 s –1 ) and backward ( k -2 = 80–110 s –1 ) rate constants of 
this base �ipping process are consistent with the correspond- 
ing values observed for UDG, M. EcoRI, Ecodam, and Endo 
VIII [ 25–28 , 30–32 , 35 ]. To our knowledge, this is the �rst re- 
port showing that CpGs with NM and methylated C residues 
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Figure 9. Proposed model illustrating the proof-reading function of the SRA domain of UHRF1 and its recruitment of DNMT1. The �rst step is assumed 
to correspond to non-speci�c binding and sliding of SRA to locate a CpG site on HM (X = 5mC) or NM (X = C) duple x es (central upper part). Upon 
�nding a CpG site, SRA induces the �ipping of 5mC or C into its dedicated binding pocket (central part). While C residues rapidly �ip back, allowing the 
protein to continue the reading or detach (right part), HM duple x es with �ipped 5mC undergo with bound SRA a slow rearrangement step that kinetically 
controls DNMT1 recruitment (left part). 

are recognized and base �ipped with similar rate constants. 
However, while C residues rapidly �ip back, allowing the SRA 

to continue reading or dissociate, the complexes with �ipped 
5mC enter a slow step. 

This last step, speci�c to HM duplexes, is governed by 
fairly slow forward ( k 3 = 14–35 s –1 ) and backward ( k –3 = 3–
18 s –1 ) rate constants and is attributed to a conformational 
rearrangement of the complex, previously observed for sev- 
eral base �ipping enzymes. Unlike the base �ipping rate con- 
stants, which are similar for a wide range of proteins, the ki- 
netic rate constants for conformational rearrangements span 
a much larger range. While rearrangement rate constants sim- 
ilar to SRA were observed for the M.HaI T250G mutant 
[ 35 ], a faster forward rate constant (300 s –1 ) was observed 
for UDG [ 25 , 26 ] and a much slower one ( < 1 s –1 ) for DNA 

MTase [ 30 ]. Moreover, our multiple labelling strategy sug- 
gested progressive SRA-induced conformational changes, be- 
ing fastest at position 5 and slowest at position 6’. In the ab- 
sence of a crystallographic structure for the complex of SRA 

with the NM duplex, a precise description of the conforma- 
tional rearrangement is not possible. Nevertheless, a previous 
comparison of the structures of SRA complexed to HM du- 
plex and free SRA revealed that the precisely organized 5mC 

pocket has a signi�cantly smaller volume in the complex com- 

pared to that of the unbound SRA due to conformational 
changes of residues 464–473, 567–576, and 478–501 that in- 
clude sidechain movement of the Tyr 466 and Tyr 478 side 
chains [ 18 ]. Some of these conformational changes likely par- 
ticipate in the slow rearrangement monitored by th G �uores- 
cence changes. Of note, the data obtained in this study are 
inconsistent with our previous two-step model, where a non- 
speci�c interaction step is followed by a slow base �ipping step 
only observed with HM duplexes. Indeed, if SRA were unable 
to base �ip the C residue in NM duplexes, it should, like SRA 

G448D, only interact non-speci�cally in a bimolecular reac- 
tion with the duplexes, which is inconsistent with (i) the inde- 
pendence of k obs1 on SRA concentration for all th G positions 
(Fig. 4 ), (ii) the absence of resolvable kinetic phase with the 
SRA G448D mutant, and (iii) the differences in th G-labelled 
NM duplex �uorescence changes induced by the two proteins. 
Moreover, the values of the kinetic rate constants associated 
with the base �ipping step in the two-step model would be one 
order of magnitude lower than the corresponding values re- 
ported for a number of base �ipping proteins [ 30–32 , 35 , 38 ]. 
Therefore, the three-step model is currently the simplest one 
that integrates and matches all our data, but more complex 
models including species not detected at low concentrations 
cannot be ruled out. 
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Figure 10. Possible model for the �ipping intermediate (NP �), obtained from QM calculations. Hydrogen bonds involving the �ipping 5mC (whose motion 
is represented by the solid blue arrow) are depicted by dashed red lines. The motion of 5mC can induce a shift of its hydrogen bonded partner G, as 
suggested by the dashed blue arrow. 

Based on our QM data, a possible model for the base- 
�ipped intermediate NP � (Scheme 1 ) that leads to a two-fold 
increase in th G �uorescence is suggested in Fig. 10 . This inter- 
mediate is the result of C / 5mC base �ipping, which is assumed 
to be associated with a movement of G6’, somewhat pulled by 
C / 5mC, allowing hydrogen bonding interactions with 5mC to 
be maintained. This structure with G6’ / th G stacking (Fig. 8 C) 
would be characterized by a stronger �uorescence than the 
free duplex, where th G is not solvent exposed and its �uores- 
cence is quenched by several CT excited states (Table 1 ). The 
SRA / DNA complex then rearranges towards the 3D struc- 
ture observed by X-ray crystallography, which is character- 
ized by minimal G6’ / th G stacking (Fig. 8 D) and additional 
loss of CT excited states, explaining the further increase in 
th G’s emission. Since G6 ′ interacts directly with Arg491, which 
acts both as a “mechanical wedge” to push 5mC or C out of 
the helix and a “stopper” to impede the back �ipping process 
[ 26 ], this residue likely plays a major role in the rearrangement 
step. QM calculations indicate that the stacking geometry be- 
tween th G and C8 also matters. Arrangements characterized 
by a face-to-face stacking between the pyrimidine ring of th G 

and the adjacent C8 base are indeed associated with quite a 
large electronic coupling between the th G* and the th G → C8 
CT state, which could affect its �uorescence. It would there- 
fore be possible that the NP � intermediate is characterized by 
such a stacking geometry (Fig. 8 C), before reaching a structure 
with a smaller ring / ring overlap (Fig. 8 D). 

In this context, the question arises: why does 5mC promote 
conformational rearrangement, whereas C does not? It has 
been reported that in the binding pocket, the methyl group 
binding site forms a hemisphere with a radius of 2 Å that 
tightly �ts the 5mC methyl group and can be unfavourably oc- 
cupied by a water molecule when C replaces 5mC [ 18 ]. Since 
our data indicate comparable stability for the complex of SRA 

with NM duplex and the intermediate complex NP � with HM 

duplex, the �ne adjustment of the methyl group in its binding 
site is probably a component of the rearrangement step. An- 
other hypothesis raised previously to explain the preferential 
binding of SRA to HM duplexes is that the methyl group in 
5mC reduces the dipole moment of cytosine, so that C is more 
stable than 5mC in free duplexes, while the opposite is true for 
SRA-bound duplexes [ 87 ]. This hypothesis is in variance with 
our data, which show that the �nal complex with the NM du- 
plex and the intermediate complex with the HM duplex have 
the same binding constants. Further studies will be needed 
to clarify the role of 5mC in triggering the rearrangement 
step. 

In conclusion, we have demonstrated the ability of SRA 

to �ip C and 5mC residues indiscriminately . Importantly , 
only complexes with 5mC residues are further stabilized by 
a slower conformational rearrangement that leads to the crys- 
tallographically observed 3D structure [ 17–19 ]. Both the �nal 
structure of the complex and its rather long persistence time 
have been assumed to be crucial for recruiting DNMT1 to 
methylate the opposite C in the CpG site [ 45 ]. Our data sug- 
gest therefore that the base �ipping process is used to proof 
read the DNA duplex in order to distinguish NM from methy- 
lated cytosines within the narrow SRA-binding pocket. Then, 
through a still elusive mechanism, the methyl group of 5mC 

within the binding pocket likely triggers [ 16 , 41 , 45 , 72 ] the 
slow conformational rearrangement observed only for HM 

duplexes that controls DNMT1 recruitment and thus, the en- 
tire replication process of the methylation pro�le. Given that 
the HM and NM CpG sites differ by only a single methyl 
group, this conformational rearrangement step with limited 
impact on the thermodynamic binding constants appears to 
be an economical and effective way for the protein to control 
DNMT1 recruitment without compromising UHRF1 reading 
activity. Of course, this tentative mechanism will need to be 
con�rmed in the context of the whole UHRF1 protein, in or- 
der to determine how the multiple domains of UHRF1 and 
its numerous interacting cell partners cooperate with the SRA 

domain to modulate the speci�city for mCpG sites and impact 
the base �ipping process. 
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