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ABSTRACT: Base J (β-D-glucosyl-hydroxymethyluracil) was discovered in the nuclear DNA of some pathogenic protozoa, such
as trypanosomes and Leishmania, where it replaces a fraction of base T. We have found a J-Binding Protein 1 (JBP1) in these
organisms, which contains a unique J-DNA binding domain (DB-JBP1) and a thymidine hydroxylase domain involved in the first
step of J biosynthesis. This hydroxylase is related to the mammalian TET enzymes that hydroxylate 5-methylcytosine in DNA.
We have now studied the binding of JBP1 and DB-JBP1 to oligonucleotides containing J or glucosylated 5-
hydroxymethylcytosine (glu-5-hmC) using an equilibrium fluorescence polarization assay. We find that JBP1 binds glu-5-
hmC-DNA with an affinity about 40-fold lower than J-DNA (∼400 nM), which is still 200 times higher than the JBP1 affinity for
T-DNA. The discrimination between glu-5-hmC-DNA and T-DNA by DB-JBP1 is about 2-fold less, but enough for DB-JBP1 to
be useful as a tool to isolate 5-hmC-DNA. Pre-steady state kinetic data obtained in a stopped-flow device show that the initial
binding of JBP1 to glucosylated DNA is very fast with a second order rate constant of 70 μM−1 s−1 and that JBP1 binds to J-DNA
or glu-5-hmC-DNA in a two-step reaction, in contrast to DB-JBP1, which binds in a one-step reaction. As the second (slower)
step in binding is concentration independent, we infer that JBP1 undergoes a conformational change upon binding to DNA.
Global analysis of pre-steady state and equilibrium binding data supports such a two-step mechanism and allowed us to
determine the kinetic parameters that describe it. This notion of a conformational change is supported by small-angle neutron
scattering experiments, which show that the shape of JBP1 is more elongated in complex with DNA. The conformational change
upon DNA binding may allow the hydroxylase domain of JBP1 to make contact with the DNA and hydroxylate T’s in spatial
proximity, resulting in regional introduction of base J into the DNA.

■ INTRODUCTION

J-binding protein 1 (JBP1) is one of the two proteins1,2

involved in the conversion of specific T-residues in DNA into
hydroxymethyluracil (hmU),3−5 the first step in the biosyn-
thesis of base J6 (β-D-glucosyl-hydroxymethyluracil, Chart 1).
Base J replaces about 1% of T in the nuclear DNA of
kinetoplastid flagellates,7 including the pathogenic Trypanosoma
and Leishmania species,8 but is absent from other eukaryotes,
prokaryotes, and viruses (reviewed in ref 9). Base J is mainly
present in the telomeric repeat sequence (GGGTTA)n,

7,10 but
small amounts are also found in other repetitive sequences11

and in sequences between transcription units, called internal J
(iJ).12,13 This iJ is important for proper transcription initiation
in Trypanosoma13,14 and essential for correct transcription
termination in Leishmania.15

We have shown that JBP1 contains at least two functional
domains, a J-DNA-binding domain (DB-JBP1) and a thymidine
hydroxylase (TH) domain.5 The TH domain catalyzes the first
step in J biosynthesis, the hydroxylation of T in DNA. JBP2 is

Received: April 18, 2012
Published: July 9, 2012

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 13357 dx.doi.org/10.1021/ja303423t | J. Am. Chem. Soc. 2012, 134, 13357−13365

pubs.acs.org/JACS


the only other kinetoplastid homologue of JBP1. It shares 34%
identity with JBP1 in its N-terminal half2 that contains the
thymidine hydroxylase function.3,4 The only eukaryotic
homologue of the JBP1/2 hydroxylase domain was identified
in the mammalian protein TET116,17 and in the related TET2
and TET3. All TET proteins catalyze the conversion of 5-
methylcytosine (5-mC) in DNA to 5-hydroxymethylcytosine
(5-hmC, Chart 1). This reaction eventually results in the
removal of 5-mC from DNA and plays an important role in the
epigenetic control of gene expression.18−24 JBP and TET
proteins have been grouped together in the TET/JBP subfamily
of iron- and 2-oxoglutarate-dependent dioxygenases.25

The binding of JPB1 to J-DNA was first studied by
biochemical methods26,27 using defined oligonucleotides
containing J. That work showed that JBP1 only binds to
duplex DNA, that at least five base pairs are required flanking
base J for optimal binding, and that J-DNA recognition only
requires base J itself and the base immediately 5′ of J. Creating
bases where the sugar residue in J was varied, and incorporating
them in oligonucleotides, allowed it to be deduced that the
hydrogen bonds between the 2- and 3-hydroxyl groups of the
sugar are important for JBP1 binding.28 Molecular modeling in
the same study suggested that the sugar moiety is in an edge-on
conformation, with the β-D-glucose lying within the major
groove of J-containing DNA. The edge-on conformation is
likely maintained by hydrogen bonds of the essential 2- and 3-
hydroxyl groups and the phosphoryl-oxygen of the nucleotide
upstream of J.28

JBP1 has recently been used as a biotechnological tool for the
identification of 5-hmC-containing DNA regions.29,30 This was
based on the observation that JBP1 binds to DNA containing
glucosylated 5-hmC (glu-5-hmC, Chart 1), with an affinity that
is only about 15-fold lower than that for J-DNA.27 After
glucosylation of hmC residues in DNA with T4 glucosyl
transferase, JBP1 could be used to enrich 5-hmC-containing
regions in human DNA.31 This is not unexpected in view of the
crucial role of the glucose moiety in the binding of JBP1 to J-
DNA.28,32

We recently showed that JBP1 contains a 160-residue
autonomous folding unit (domain), the DNA-Binding JBP1
domain (DB-JBP1), located in the C-terminal half of the
protein.32 DB-JBP1 binds to J-DNA with approximately the
same affinity and specificity as full-length JBP1. In agreement
with this, Hydrogen/Deuterium exchange mass spectrometry
(HDX-MS) experiments showed that the most significant
changes upon binding of full-length JBP1 to J-DNA are indeed
all within specific regions of the DB-JBP1 domain. We have
determined the crystal structure of DB-JBP1, revealing a novel
“helical bouquet” fold. By site-directed mutagenesis and DNA
binding studies we found that a single aspartate residue in JBP1
(Asp-525) is essential for the specific recognition of base J in
DNA in vitro and for the function of JBP1 in vivo. Replacement

of this aspartate by an alanine completely abolishes specific
binding of JBP1 to J-DNA. These data allowed us to construct a
structural model for the binding of DB-JBP1 to J-DNA, which
is supported by small-angle X-ray scattering measurements of
the complex between DB-JBP1 and J-DNA.
To better understand the molecular mechanism of JBP1

binding to J-DNA and also to rationalize and extend its
application as a tool to recognize hmC-DNA, we present here
the characterization of the binding of JBP1 and DB-JBP1 to glu-
5-hmC-DNA compared to J-DNA. Using fluorescence polar-
ization measurements in a stopped-flow device, we establish
that JBP1 binds both to J-DNA and to glu-5-hmC-DNA in a
two-step reaction. In contrast, DB-JBP1 binds to both
substrates in a one-step reaction. The kinetics of binding and
the results of small-angle neutron scattering (SANS) experi-
ments suggest that JBP1 undergoes a conformation change
upon DNA binding. We infer that this conformational change,
induced by the binding of the DB-JBP1 domain to DNA,
moves the thymidine hydroxylase domain of JBP1 closer to the
DNA, facilitating hydroxylation of T-residues.

■ EXPERIMENTAL PROCEDURES
Protein Expression and Purification. Both JBP1 and DB-JBP1

from Leishmania tarentolae have been produced as soluble protein in
E.coli as previously described.32 Briefly, vectors were transformed to
BL21(DE3)T1R cells and protein production was induced with IPTG
at 15 °C for 16−18 h. Cells were lysed in 20 mM Hepes/NaOH pH
7.5, 350 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP),
and 10 mM imidazole (Buffer A), bound in batch to Ni-chelating
sepharose beads, and eluted in Buffer A containing 400 mM imidazole.
Purified proteins were cleaved with 3C protease overnight at 4 °C and
applied to a S75 16/60 gel filtration column.

Preparation of Double-Stranded Labeled Oligonucleotides.
All oligonucleotides were based on the sequence of the 14-mer J-oligo
we have previously described (5′-GGCAGCJGCAACAA-3′).28,32 An
hmC-containing oligonucleotide with the same sequence (5′-
GGCAGC(hmC)GCAACAA-3′) was purchased from Glen Research
Corporation and checked by mass spectrometry for purity. Control
oligonucletotides with T and C at the place of the modified base (5′-
GGCAGCTGCAACAA-3′ and 5′-GGCAGCCGCAACAA-3′, respec-
tively) were purchased from Invitrogen. Two complementary
oligonucleotides (with A for the J/T and G for the C/hmC
oligonucleotides) were purchased from Invitrogen, and were labeled
in the 5′ with tetramethylrhodamine (TAMRA). Each complementary
pair of oligonucleotides was dissolved in water and heat-annealed to
the corresponding duplex DNA that was purified over a Superdex-75
10/30 Hi-Load (GE Healthcare) gel filtration column.

Creation of β-D-Glucosyl-hydroxymethylcytosine Oligos.
The hmC-containing oligonucleotide and the complementary strand
were dissolved in water to a concentration of 100 μM and then heat-
annealed. The double-stranded oligonucleotide was then glucosylated
by the T4 Phage β-glucosyltransferase (T4-BGT) from New England
BioLabs according to manufacturer’s instructions.

Fluorescence Polarization Anisotropy Assays. This experi-
ment was performed as we previously described.15 Briefly, the
maximum amount of all JBP1 protein variants that was needed for
each experiment was mixed with 1 nM of each duplex DNA, and
subsequent dilutions were achieved by serial 1:1-dilutions in three
repeats, in 96-well optiplates (Perkin-Elmer). All plates were read in a
Perkin-Elmer or a BMG Pherastar fluorimeter, with an excitation filter
with a CWL of 531 nm, and P and S emission filters with a CWL of
579 nm, at room temperature. The analysis of the equilibrium data has
been performed in Graphpad/Prism by nonlinear regression analysis,
using the formula:33

Chart 1. Structures of J-base, 5-hmC, and glu-5-hmC
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where Af is the anisotropy of the free ligand, Ab the anisotropy of the
bound ligand, Lt the concentration of the ligand (labeled DNA), Pt the
protein concentration (JBP1 or variants), and KD the dissociation
constant. For the T-DNA and hmC-DNA affinities were estimated
between 90 and 200 μM when constraining Ab to be the same as for
the specific binding; the exact values would need higher concentration
and would add limited insight in the context of this work.
Stopped-Flow Experiments. All stopped-flow experiments were

carried out with use of a TgK Scientific stopped-flow system (model
SF-61DX2). For fluorescence excitation we used monochromatic light
at 546 nm and for the readout an OG 570 filter. The light was
polarized by using a calcite prism for the incident beam and dichroic
sheet polarizers in front of each of two photomultiplier detectors
arranged in a T-configuration. The experiments were performed at 20
°C in 20 mM Hepes/NaOH pH 7.5, 140 mM NaCl, and 1 mM TCEP.
For the association experiments equal volumes of various protein
concentrations and 2 nM of double-stranded TAMRA labeled
oligonucleotides were rapidly mixed in a 1:1 ratio. For the dissociation
experiments, JBP1:DNA complex containing varying amounts of
protein and 4 nM double-stranded TAMRA-labeled oligonucleotides
were rapidly mixed in a 1:1 ratio with buffer. The measurements were
repeated 10 times for JBP1 experiments and 20 times for DB-JBP1
experiments and recorded for 10−20 s.
Analysis of Pre-Steady State Kinetic Data. For the preliminary

analysis of the pre-steady state kinetics stopped-flow data we used
Graphpad/Prism to fit the data with two possible models. A single
exponential was used for representing the one-phase association
model:

= + − − −A t A A A( ) ( )(1 e )kt
obs 0 max 0 (1)

where Aobs is the observed anisotropy as a function of time (t), k is the
apparent association constant, A0 is a background measurement at the
start and Amax is the anisotropy at the plateau at the end of the
reaction.
A double exponential was used to represent the two-phase

association model:
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with a similar notation as above, but where fractionfast and fractionslow
each represent the signal accounted for by each of the two phases,
under the constraint that

+ =fraction fraction 1fast slow (2.1)

The fit was performed by using standard nonlinear regression
methods as implemented in the software. The extra sum-of-squares F
test, as implemented in the same software, was used to judge which of
the two nested models fits best the data.
Global Analysis of Pre-Steady State and Equilibrium

Kinetics Data. For the global analysis of kinetic (association and
dissociation) and equilibrium data together we used the KinTek
Explorer software.34 The methods implemented in that software allow
defining a model for the reaction at hand, and then relating all the
experimental observations to that model, without making any specific
assumptions or simplifications.35 The model for the two-phase
mechanism, presuming a conformational change that follows the
initial binding, was described as:
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The stopped-flow association data were related to that model
according to the equation:

α β= + +A t( ) (DNA (C1 C2 ))t t tobs (3.1)

where DNAt, C1t, and C2t are the concentrations of free DNA, the
initial complex between DNA and JBP1, and the complex with the
changed conformation, respectively, at time t. The parameters that
related the concentration of these fluorescent components to the
observed anisotropy are α (that is used to relate anisotropy to
concentration) and β (that is used to express the difference in
anisotropy between the free DNA and the DNA in complex with
JBP1); as the two complexes are expected not to be dramatically
different, it was assumed that both complexes change the anisotropy of
the polarized signal in a similar fashion.

Each association curve was allowed a scaling factor to accommodate
small errors in the protein concentration; these scaling factors never
differed more than 5% (typically they were in the range of 2%)
between curves, a reasonable error for diluting and mixing ingredients
upon sample preparation. All association curves, each in a different
starting JBP1 concentration, were fit according to this equation, with a
common value for α and β.

To fit the dissociation curves we used the same function, with a
different value of α; using a different value for α has no physical
meaning in the context of the two experiments, but we allowed it to
vary as a scaling factor that would accommodate errors in the sample
concentrations between association and dissociation experiments, like
the scaling factor between concentrations.

To describe the equilibrium titration curves the same conceptual
framework was used to derive the equation

α β= + +A c( ) (DNA (C1 C2 ))c c cobs 1 1 (3.2)

where the parameters have the same meaning as in eq 3.1 above,
expressed as a function of concentration (c) instead of time (t).
Different values for α and β were used as the two experiments were
performed in different instruments, with different optics, sample
holders, and sample volumes.

Association, dissociation, and equilibrium data were fit simulta-
neously. Estimates for σ values for all data points in each pre-steady
state kinetics curve were obtained from calculating the deviation of the
data from a double exponential model, while for the equilibrium data σ
values were obtained from a triplicate experiment. These σ values were
used as weights for fitting the residual with nonlinear regression
algorithms. The value of χ2/(degrees of freedom) was used as a
measure of global fit and for individual fits of each experiment.

From eq 3, if we define K1 = k1/k−1 and K2 = k2/k−2, it can be
derived that an apparent KD can be calculated according to the formula

= +K K K1/ (1 )D 1 2 (4)

For the DB-JBP1 association experiment, where no evidence for a
two-step mechanism was available, the global fit was performed by
using the simplified equations:

⇔+ •JBP1 DNA JBP1 DNA
k

k

off

on

(5)

α= + βA t( ) (DNA C1 )t tobs (5.1)

α β= +A c( ) (DNA C1 )c cobs 1 1 (5.2)

SANS Data Collection and Analysis. The same JBP1 protein and
glu-5-hmC-DNA as used for all assays were also used for the SANS
experiments. To create the JBP1:glu-5-hmC-DNA complex, concen-
trated JBP1 and double-stranded glu-5-hmC-DNA were mixed in a
1:1.2 molar ratio. Both JBP1 alone (10 mg mL−1) and the complex (8
mg mL−1) were purified by size exclusion chromatography (Superdex
200 10/30 Hi-Load gel filtration column) in 20 mM Hepes pH 7.5,
140 mM NaCl, and 1 mM TCEP buffer, either in 100% H2O or 65%
D2O. The center of the peak fractions were collected and used without
any further concentration for SANS measurements.

Measurements were done in rectangular Hellma quartz cuvettes of
1.0 mm optical path at the ILL instrument D22. Scattering data for all
samples, for buffers alone, and for the empty cuvette were collected
with a neutron wavelength of 8 Å at detector distances of 5.6 and 2 m
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to cover the desired scattering vector modulus range 0.01 Å−1 < Q <
0.2 Å−1 (Q = (4π sin θ)/λ, where 2π is scattering angle and λ is
wavelength). Since the neutron beam transmission of a sample
depends on its D2O/H2O ratio, it was verified that the different
samples corresponded to the predicted values of 100% H2O or 65%
D2O. Data from the two distances were averaged in the overlap region
to improve counting statistics and angular resolution. Data reduction,
calibration, and analysis were performed by the Ron Ghosh SANS
suite of programs (http://www.ill.eu/en/instruments-support/
computing-for-science/cs-software/all-software/sans/). The main
analysis was performed in the Guinier approximation applied to the
low Q region (see ref 36 for an overview), using the formula

= −Q R Qln /( ) ln /(0)
1
3 G

2 2

(6)

where I(0), the forward scattered intensity, is related to scattering
particle concentration, molecular mass, and scattering density contrast
with the solvent; RG is the radius of gyration of scattering contrast in
the particle. The approximation is considered valid for RGQ ≈ 1;
typical fitting ranges for the current work were 0.5 < RGQ < 1.5. Note
that both I(0) and RG are obtained and analyzed on an absolute scale.

■ RESULTS
JBP1 and DB-JBP1 Recognize glu-5-hmC-DNA with

200-Fold Preference over hmC-DNA or Normal DNA.
JBP1 has been shown to recognize DNA containing
glucosylated cytosine with an affinity about 15 times lower
than DNA containing glucosylated thymidine (J).27 JBP1 could
therefore be used in vitro to enrich glucosylated DNA to
identify sequences that contain 5-hmC.30 We wanted to better
quantify the affinity of JBP1 for these two substrates. We have
previously shown that the affinity of JBP1 for J-DNA is about
10 000 times higher than that for normal DNA (Table 1 and ref
32).

We extended these measurements using the same
oligonucleotides, including now hmC and glu-5-hmC in the
same position and sequence context as J or T. The affinity of
JBP1 for glu-5-hmC-DNA is 401 nM (Table 1 and Figure 1),
about 40 times lower than that for J-DNA (11.3 nM), and in
good agreement with previous data based on gel shift assays.27

Binding to hmC-DNA or T-DNA was practically indistinguish-

able, in the order of ∼100 μM (Figure 1) as we have previously
reported.32 Hence, the discrimination of JBP1 between glu-5-
hmC-DNA and unmodified or hmC-DNA is very good as the
KD values differ by a factor of about 200. This explains the
utility of JBP1 for preferentially isolating glu-5-hmC-DNA from
a pool of different DNA fragments.
Next we checked whether the difference in affinity for J-DNA

and glu-5-hmC-DNA can be directly attributed to the DNA-
binding module of JBP1 and DB-JBP1, or if regions outside the
DB-JBP1 domain influence the affinity toward these two
substrates. FP assays using DB-JBP1 show that the affinity
toward glu-5-hmC-DNA is about 900 nM (Table 1 and Figure
1). The 2-fold loss of affinity of DB-JBP1 compared to JBP1 is
comparable to its 3-fold loss of affinity toward J-DNA.
To find out whether glu-5-hmC-DNA recognition proceeds

with the same residue as the recognition of J-DNA, we used our
D525A mutant that has lost nearly all specificity toward J-
DNA.32 As expected, the DB-JBP1-D525A mutant has also
largely lost its ability to differentiate between J-DNA (2.9 μM),
glu-5-hmC-DNA (5.3 μM) (Supporting Information, Figure 1),
and normal DNA (9.7 μM32), indicating that the Asp-525
residue recognizes the glucose moiety in the context of both J-
and of glu-5-hmC-DNA.

JBP1 Binds DNA in a Two-Step Reaction. To delineate
the binding mechanism of JBP1 to its substrates in more detail,
we performed pre-steady state kinetics experiments. For these
experiments, we adapted the FP assay to work in a stopped-
flow device that allowed monitoring the initial stages of binding
with a dead time of fewer than 5 ms. The same oligonucleotides
used in the equilibrium FP assays were rapidly mixed in the
flow cell with various concentrations of protein under the
conditions we describe in Experimental Procedures.
As shown in Figure 2, the binding of JBP1 to J-DNA and glu-

5-hmC-DNA is very fast and completes within the first second
after mixing the reagents. We initially presumed a one-step
reaction, the protein associating with DNA, which can be
approximated by a single exponential function (see the
Experimental Procedures for details). Although a single
exponential did fit the binding data reasonably well over a
wide range of JBP1 concentrations, we observed that the
residuals of the fit (the difference between the model and the
data) were appreciable and nonrandom (Figure 2).
We therefore tried to fit the data with a two-step association

model that can be approximated by a double exponential
function. The fit with a double exponential showed no
systematic deviation of residuals; moreover an extra sum-of-
squares F test, using the one-phase model as the null hypothesis
and the two-phase model as the alternative hypothesis, suggests
that our alternative hypothesis (two-step association) gives a
significantly better fit to the data (p-value <0.0001 for the
alternative hypothesis to be incorrect). We therefore conclude
that JBP1 association to J-DNA or glu-5-hmC DNA takes place
in a two-step reaction.
We next examined the kinetics of the dissociation of JBP1

from J-DNA. For these experiments we preformed a complex of
labeled J-DNA or glu-5-hmC-DNA with various concentrations
of JBP1 and rapidly diluted the complex. The dissociation data
showed the same behavior (Supporting Information, Figures 2
and 3), albeit due to the more noisy character of the data the
preference for the two-step dissociation model was less
pronounced, but nevertheless statistically significant (p-values
of 0.0447, 0.0063, and <0.0001 for J-DNA and <0.0001 for glu-
5-hmC DNA). We therefore conclude that JBP1 dissociation

Table 1. Equilibrium Binding Constants (KD in nM) for
JBP1 and DB-JBP1 Binding to J-DNA and glu-5-hmC-DNA

DNA

protein J glu-5-hmC

JBP1 11.3 ± 0.6 401 ± 26
DB-JBP1 33.0 ± 1.3 945 ± 85

Figure 1. Equilibrium fluorescence polarization assay of JBP1 and DB-
JBP1 binding to J-DNA, glu-5-hmC-DNA, and 5-hmc-DNA.
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from J-DNA or glu-5-hmC DNA also proceeds in a two-step
reaction.
To address whether the same mechanism also holds for

nonspecific binding of JBP1 to DNA, we used our D525A
mutant that loses specificity toward J-DNA over normal DNA.
Because of the replacement of the acidic D by a neutral A, this
mutant JBP1 has a 10-fold higher affinity for T-DNA than wild-
type JBP1, and therefore less mutant protein is required to
study low-affinity binding. For the binding of JBP1-D525A to
normal T-DNA we also find a preference for the two-step
mechanism (Supporting Information, Figure 4; p-value
<0.0001). It should be noted, however, that the fit of the
two-step mechanism to that data is still imperfect, implying that
a more complex model might be applicable to T-DNA binding,
at least in the context of the JBP1 D525A mutant.
To get more insight into the molecular implications of this

two-step mechanism we next examined whether this mecha-
nism is specific for full-length JBP1, or also applies to the DNA-
binding domain alone, DB-JBP1.
DB-JBP1 Binds DNA in a One-Step Reaction. DB-JBP1

is a 160-residue domain with a helical bouquet fold,15 and an
affinity toward J-DNA that is similar to full-length JBP1. The
DB-JBP1 binding experiments were performed with the same
oligonucleotides as for JBP1. As the DB-JBP1 is much smaller
than JBP1, the change in the fluorescence anisotropy upon
binding is small; the fluorescence anisotropy measurements
were therefore repeated 20 times for each protein concen-

tration and the average was used for data analysis (Figure 3). In
this case testing the two models resulted in p-values between

0.04 and 0.64 for the two-step association model to be incorrect
(as opposed to p-values less than 0.0001 in other association
experiments). The same was observed for DB-JBP1 binding to
glu-5-hmC-DNA (p-values between 0.02 and 0.74, Supporting
Information, Figure 5). That strongly suggests that there is no
compelling evidence to choose the more complicated model.
We therefore conclude that DB-JBP1, in contrast to JBP1,
binds with a single-step mechanism to J-DNA. Moreover, the
clear observation of a one-step binding event excludes the
possibility that our results indicating a two-step reaction model
are due to some kind of instrumental or other experimental
artifact.

JBP1 Binding to DNA Involves a Conformational
Change. The law of mass action states that the apparent
association rate should be proportional to the concentration of
the participating molecules, i.e., the rate of association is linearly
dependent on the concentration of components. If an apparent
binding rate is concentration independent, however, this is
suggestive of a conformational change that takes place upon
binding. We therefore analyzed the two apparent association
rates derived from the double exponential fit of the data
obtained for JBP1 binding to J-DNA. While the first, fast,
component shows a linear trend as a function of JBP1
concentration, we found that the second, slow, component
remains the same regardless of concentration (Figure 4). That
suggests a model for DNA binding involving two steps,
according to eq 3: JBP1 and DNA first interact in a
concentration dependent manner, and subsequently the
complex formed undergoes a structural transition.
To analyze our data for their agreement with that model we

used the KinTek explorer software.34 This software allows
“global fitting”, including experiments designed to show the
association, dissociation, and equilibrium simultaneously.
Combining an association experiment with a dissociation
experiment provides complementary information about the
system. In the association experiment protein and DNA are
rapidly mixed and the amount of complex formed is measured
as a function of time. In the dissociation experiment a

Figure 2. Pre-steady state kinetics association experiments of JBP1
with J-DNA and glu-5-hmC-DNA followed by polarization anisotropy
are interpreted with either a one-phase or two-phase model. The fit to
the associated data and the residuals are shown for both models.

Figure 3. Pre-steady state kinetics association experiments of DB-JBP1
with J-DNA followed by polarization anisotropy are interpreted with
either a one-phase or two-phase model. The fit to the associated data
and the residuals are shown for both models.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja303423t | J. Am. Chem. Soc. 2012, 134, 13357−1336513361



preformed complex with buffer is rapidly diluted and we
measure how it falls apart. Combining both experiments at
several concentration ratios of protein to DNA is necessary for
determining precise association and dissociation rates,
especially for a complex two-step system. Inclusion of binding
equilibrium data (indicating the amount of complex after a long
time, for different ratios of protein to DNA concentration)
makes the parameter estimation in global modeling more
robust. The fit of the model to the J-DNA and glu-5-hmC-DNA
data is presented in Figure 5. The model is well constrained and
the kinetic parameters obtained (see Table 2) are not

correlated, as shown by the error analysis using KinTek
Explorer37 presented in the Supporting Information, Figures 6
and 7.
The initial rate of binding of JBP1 to J-DNA is relatively fast

(k1 = 73 μM−1 s−1). Comparison of the rate for the dissociation
of this initial complex (k−1 = 2.7 s−1) and the rate for the
formation of the final complex (k2 = 1.1 s−1) suggests that in
about one of four initial binding events the conformational
change takes place. The reverse conformational change event
(k−2 = 0.4 s−1) takes place at a frequency of about half of that of
the change that leads to the final complex formation. Thus, the
majority of the complex, about two-thirds, is in the
conformation changed configuration at equilibrium conditions,
when the protein concentration is significantly higher than the
KD.
Comparing the rates for binding to J-DNA and glu-5-hmC

DNA sheds some light on the mechanistic reasons for the
reduced affinity to glu-5-hmC. The first binding event (k1 = 28
μM−1 s−1) is about three times slower than J-binding, but is not
the major determinant for the reduced affinity. The rate of
dissociation of this complex (k−1 = 22 s−1) is about eight times
higher than that of the J-DNA complex. Interestingly, the rate
at which the conformational change takes place in the glu-5-
hmC-DNA complex (k2 = 1.5 s−1) is similar to that observed
upon binding to J-DNA (k2 = 1.1 s−1), but the rate at which this
conformational change is reversed is about ten times as high
(k−2 = 4.0 s−1 instead of 0.4 s−1). That implies that only about
one-quarter of the total complex is in the second conformation,
at concentrations well above the KD. In summary, both steps of
the binding are affected during binding to glu-5-hmC-DNA
compared to J-DNA. The equilibrium constant for the initial
complex formation (K1) is about 20 times lower, and the
equilibrium constant for the conformational change (K2) about
7 times lower for glu-5-hmC-DNA than for J-DNA. The
apparent dissociation constant (KD,app) calculated from the
global fitting of all data is for glu-5-hmC binding ∼560 nM,
about 50 times lower than that for J-DNA (10 nM). This is in
good agreement with the equilibrium measurements alone
(Table 1). The interesting implication is that the JBP1:J-DNA
complex is mainly in the conformation-changed configuration
(K2 = 2.5), whereas the reverse is the case for the glu-5-hmC-
DNA complex (K2 = 0.4).
Since we have shown that DB-JBP1 recognition of J-DNA

proceeds in a single step, we can also conclude that the
conformation change takes place in the full-length JBP1
protein, and not in the DNA. We therefore tested whether
this conformational change can be visualized by SANS.

Free JBP1 and JBP1 Bound to glu-5-hmC-DNA Have
Different Conformations in Solution. Small-angle neutron
scattering (SANS) can provide information about the shape of
proteins.38,39 By adjusting the D2O/H2O ratio in the solvent it
is possible to match the neutron scattering density of different
parts of a protein−nucleic acid complex. The contrast match
point of a particle is determined from the linear variation of the
√I(0) with percent D2O. Thus protein is matched close to
40% and DNA close to 65% D2O.

38 We used glu-5-hmC-DNA
for these experiments, as this is more readily available than J-
DNA. By using the I(0) values from the H2O and 65% D2O
samples (plots not shown), the JBP1 alone sample was found
to have a measured match point of 42.5% D2O; the JBP1:DNA
complex matched at 45% D2O, as expected from the
composition of the 1:1 complex of the corresponding molecular
weight of protein (93 kD) and nucleic acid (8.7 kD), with a

Figure 4. Apparent binding rates of JBP1 to J-DNA deduced from a
double exponential fit for each concentration. The fast rate increases
linearly with concentration, while the slow rate remains constant,
suggesting a conformational change that takes place upon DNA
binding.

Figure 5. Global fitting of association and dissociation data and
equilibrium binding data to the two-step model for JBP1 binding to J-
DNA and glu-5-hmC-DNA.
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protein match of 42.5% D2O and a DNA match at 65% D2O.
We define the scattering mass of a component as the scattering
density contrast multiplied by the volume of the component.
The Guinier plots (eq 6) of JBP1 alone and in complex with

glu-5-hmC-DNA in 100% H2O and 65% D2O solvents are
shown in Figure 6. In 100% H2O, the measured radii of

gyration correspond to the scattering mass distributions of
protein and DNA. In 65% D2O the scattering mass of the DNA
is close to zero, so that SANS is selectively “blind” to this
component of the complex and the measured radius of gyration
corresponds to the protein moiety alone. The JBP1
conformation and DNA binding position were determined
from the contrast variation data, as exemplified in ref 40.
The measured radii of gyration for JBP1 are 33.8 ± 0.4 Å in

H2O and 34 ± 1 Å in 65% D2O, for a molecular mass of 93 kD.
As, for example, the radius of gyration of tetrameric malate
dehydrogenases, which presents a “globular” shape, which is 30
Å for a molecular mass of 130kD,41 we expect that JBP1 has an
elongated conformation (with an approximate axial ratio of
about 2:1:1). The radius of gyration of JBP1 in the complex,
obtained from the 65% D2O data where DNA is invisible, was
found to be 36.8 ± 1 Å, significantly larger than that of free
JBP1, indicating an even more extended conformation.
The radius of gyration value of the complex in H2O is 34.6 ±

1 Å, but that of JBP1 within the complex (obtained from the
65% D2O data) is significantly larger, 36.87 ± 1 Å. The
significant reduction of radius of gyration value when the DNA
is added to the extended protein conformation is a clear
indication that the DNA binding takes place close to the center
of scattering mass.
We finally note that even at the high protein and DNA

concentration of the SANS experiment (∼10 μM), 26.5% of
the complex is expected to be in the conformationally different
configuration (from a simulation using Kintek Explorer). This
suggests that the “averaged” changes observed in the SANS
experiments are probably an underestimate of the actual
conformational changes involved.

■ DISCUSSION
JBP1 not only binds very tightly to J-DNA, with an affinity of
about ten nanomolar, but also has a remarkable ability to
discriminate it from normal DNA by about 4 orders of
magnitude (7000-fold).26,28,32 JBP1 retains some of this
discriminatory power in the recognition of glu-5-hmC-DNA,
about 200-fold, explaining its successful use as a biotechno-
logical tool.29,30 This result is in line with the glucose
recognition model that was suggested based on the substitution
of the sugar in base J with different O-linked glycosides,28 re-
enforcing the notion that the specific recognition of the sugar
edge-on conformation is central to base J recognition. The
reduced specificity for glu-5-hmC-DNA could be explained by a
different conformation of the glucose when linked to 5-hmC.
We also note, that as the DNA-binding domain of JBP1, DB-
JBP1, retains the high affinity and some of the discriminatory
power of its full-length counterpart, it might be a useful tool to
exploit in biotechnological applications, as it is easier to
produce (more than 20 mg can be obtained from a bacterial
culture of 1 L) and is more stable in solution.
The analysis of the pre-steady state kinetics of JBP1 binding

to J-DNA (and to other DNA oligonucleotides) revealed a two-
step reaction mechanism. As the second apparent binding rate
did not vary with protein concentration, we interpreted that as
a conformational change that JBP1 undergoes after DNA
binding. The conformational change is specific for full-length
JBP1, as the DNA-binding domain DB-JBP1 alone did not
exhibit that behavior. Moreover, SANS analysis of the shape
parameters of JBP1 alone or in complex with DNA supports
the concept of a conformational change.
On the basis of these data, we put forward a model (Figure

7) in which the DNA-binding domain of JBP1, DB-JBP1, binds

to the DNA first; that binding triggers a conformational change
in the remainder of the protein that allows the N-terminal part,
which harbors the thymidine hydroxylase domain of JBP1 (TH-
JBP1), to come in proximity to the DNA. As the two
conformations appear to be in a relative equilibrium with
several events per second leading from one conformation to
another, we envisage that this allows the TH-JBP1 domain to
“probe” DNA bases in spatial proximity to the pre-existing J-
base, where JBP1 is “anchored” by the DB-JBP1 domain. If the
base in contact happens to be a T, then the TH domain could

Table 2. Kinetic Parameters for JBP1 and DB-JBP1 Binding to J-DNA and glu-5-hmC from the Global Analysis of Transient and
Equilibrium Binding Experiments

protein DNA k1 (μM
−1 s−1) k−1 (s

−1) k2 (s
−1) k−2 (s

−1) K1 (μM
−1) K2 KD,app (nM)

JBP1 J 72.80 ± 1.12 2.68 ± 0.09 1.07 ± 0.11 0.42 ± 0.03 27.16 2.52 10.45
JBP1 glu-5-hmC 28.31 ± 1.00 21.85 ± 0.57 1.55 ± 0.22 4.04 ± 0.40 1.29 0.38 560.2

Figure 6. Guinier plots for JBP1 and the JBP1:glu-5-hmC-DNA
complex in water and in 65% D2O.

Figure 7. A graphical depiction of the model suggested for the
association of JBP1 with J-DNA; DNA-recognition by the DB-JBP1
domain causes a conformational change that allows the TH domain to
come in contact with DNA.
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hydroxylate it. This would explain the known ability of JBP1 to
insert base J preferentially in proximity of pre-existing J-bases.
As the DB-JBP1 domain only exists in JBP1, the two-step

reaction and the model where the hydroxylase activity is
promoted by the presence of pre-existing J-bases only applies to
JBP1, but not to JBP2 or to the TET family proteins, which lack
the DB-JBP1 domain. As the residence time of the second
conformation is shorter in the case of binding to glu-5-hmC-
DNA than to J-DNA, specific binding to J-DNA might
stimulate the thymidine hydroxylase function of JBP1. Binding
to J-DNA is not essential for the conformational change,
however, as shown by our observation that binding of JBP1 to
T-DNA also occurs by a two-step reaction. Thus the known
ability of JBP1 to hydroxylate T’s in DNA without J,13 albeit
suboptimally, is also in-line with this model.
Finally, it needs to be emphasized that the model we put

forward does not imply that JBP1 hydroxylates the nearest T-
base neighbor in sequence or in space. It is likely that a
stochastic component is present and local chromatin structure
or other factors might be crucial to translate the bind-and-probe
event to productive hydroxylation. We are currently determin-
ing the exact position of base-J in the Leishmania genome. Once
such data become available, possibly together with a crystal
structure of full-length JBP1, they can help explain the exact
mechanism of base-J insertion by JBP1.

■ CONCLUSION

JBP1 binds both J-DNA and glu-5-hmC-DNA rapidly and with
high affinity and specificity, rationalizing its use as a tool for
detecting 5-hmC-DNA in the human epigenome, and offering
important hints on how to enhance its usage as a
biotechnological tool. JBP1 recognizes DNA with a two-step
reaction mechanism that involves a conformational change that
was confirmed by shape measurements in solution. This change
in conformation might allow the thymidine hydroxylase domain
to come into contact with DNA and allow it to hydroxylate
specifically bases that are in the neighborhood of pre-existing J,
in line with the physiological function of JBP1.
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