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ABSTRACT

The nuclear immunophilin FKBP25 interacts with
chromatin-related proteins and transcription factors
and is suggested to interact with nucleic acids. Cur-
rently the structural basis of nucleic acid binding by
FKBP25 is unknown. Here we determined the nu-
clear magnetic resonance (NMR) solution structure
of full-length human FKBP25 and studied its interac-
tion with DNA. The FKBP25 structure revealed that
the N-terminal helix-loop-helix (HLH) domain and C-
terminal FK506-binding domain (FKBD) interact with
each other and that both of the domains are in-
volved in DNA binding. The HLH domain forms major-
groove interactions and the basic FKBD loop coop-
erates to form interactions with an adjacent minor-
groove of DNA. The FKBP25–DNA complex model,
supported by NMR and mutational studies, provides
structural and mechanistic insights into the nuclear
immunophilin-mediated nucleic acid recognition.

INTRODUCTION

Immunophilins are a versatile family of chaperone pro-
teins that control cis-trans isomerization of peptidyl-prolyl
bonds in proteins and also serve as molecular receptors for
several immunosuppressive drugs (1). FK506 binding pro-
teins (FKBPs) belong to the immunophilin family of pro-
teins, known to bind the immunosuppressive drugs, such as
FK506 and rapamycin (2). FKBPs are conserved from yeast
to animals, and several of their members have been discov-
ered and studied in detail. Most of the FKBPs are multi-
domain proteins and harbor the much conserved FK506-
binding domain (FKBD), also known as the PPIase domain
(3). FKBPs are involved in several biological processes in-
cluding protein folding, receptor signaling and protein traf-

ficking, and are also implicated in several diseases, such as
Alzheimer’s, Parkinson’s, Refsum, malaria and cancer (2,4–
9). However, recent studies have shown novel functions of
FKBPs in the nucleus, including histone chaperone activity,
gene regulation and chromatin remodeling .

Human FKBP25 (also known as FKBP3), a member
of the FKBP family, is a 25-kDa protein that binds with
both FK506 and rapamycin drugs (10). Most of the FKBPs
discovered to-date are known to be distributed in the cy-
toplasm. Interestingly, FKBP25 was the first FKBP fam-
ily member that was identified to mainly reside in the nu-
cleus (11). FKBP25 contains an N-terminal helix-loop-
helix (HLH) domain and a C-terminal FKBD, which are
linked by a flexible loop that is 35 amino acids in length
(Figure 1A and Supplementary Figure S1a). The unique N-
terminal domain of FKBP25, which was predicted to inter-
act with DNA (12), does not show a significant sequence
similarity to any mammalian protein.

Functionally FKBP25, a downstream gene of p53
(13), interacts with the mouse double minute 2 homolog
(MDM2) and increases the auto-ubiquitination of MDM2,
which in turn leads to the activation of the p53 signal-
ing pathway (14). Human FKBP25 also interacts with hi-
stone deacetylase (HDAC1/HDAC2) and the transcription
factor, Yin Yang 1 (YY1) (15), which increases its tran-
scriptional repressive activity by increasing YY1-mediated
DNA binding. It also interacts with other nucleic acid-
associating proteins, such as high mobility group II and nu-
cleolin (16,17). Fpr3 and Fpr4, the yeast homologs of hu-
man FKBP25, and AtFKBP53 from Arabidopsis thaliana
are known to possess histone chaperone activity and play an
important role in the repression of ribosomal RNA gene ex-
pression (18–21). Taken together, these studies underscore
the role of FKBP25 in nuclear events, such as transcription
regulation, p53 activation, chromatin regulation and DNA
repair (22).
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Figure 1. Nuclear magnetic resonance (NMR) solution structure of the FKBP25. (A) The domain organization and secondary structures of human
FKBP25. (B) Superposition of the backbone traces from the final ensembles of 20 solution structures of the full-length FKBP25 determined by NMR
spectroscopy. The N-terminal HLH (residue M1-K73) and C-terminal FKBD (residue P109-D224) are highlighted in red and blue respectively. (C) A ribbon
representation of FKBP25 is displayed, using the same color scheme and the central flexible loop (G74-P108) linking the two domains is highlighted in
green. Ensembles of 20 solution structures, a ribbon representation, and the electrostatic potential surface of the N-terminal HLH (D–F) and C-terminal
FKBD of FKBP25 (G–I) are displayed for brevity. The secondary structural elements are indicated as labeled. The positively charged surface is in blue
and the negatively charged surface is in red. Refer online version for color coding.
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While the structures of two the individual domains of
human FKBP25 are known (23,24), the structure of full-
length FKBP25 and the molecular mechanism of its inter-
action with nucleic acid remain unknown. To this end, we
have determined the nuclear magnetic resonance (NMR)
solution structure of the full-length human FKBP25, char-
acterized its DNA binding and proposed a model to show
the DNA-binding mechanism of FKBP25. Further we have
also characterized the role of FKBP25 in YY1-mediated
DNA recognition.

MATERIALS AND METHODS

Sample preparation

Human FKBP25 was expressed and purified as described
previously (25). FKBP25 mutants were generated by poly-
merase chain reaction-based site-directed mutagenesis from
the full-length human FKBP25 and confirmed by DNA se-
quencing. For purification of the mutants, the same proto-
col was used as that for wild-type human FKBP25. Gene for
DNA binding domain of YY1 (referred to as YY1–DBD;
spanning residues 286–414), was amplified by polymerase
chain reaction and cloned into pET29b. Clones were trans-
formed into BL21 (DE3) Escherichia coli cells. Cells were
induced by 1 mM IPTG and the LB broth media was sup-
plemented with 0.1 mM ZnCl2. Further YY1–DBD protein
was purified by Ni-NTA column using the same buffer as
used for FKBP25 except for the addition of 0.1 mM ZnCl2
in all the buffers used in purification. YY1–DBD was fi-
nally exchanged with 25 mM Bis-Tris, 150 mM NaCl and
0.1 mM ZnCl2 at pH 7.0. YY1 peptide (residues 300-333)
was purchased from GL Biochem (Shanghai) Ltd and it was
dissolved into buffer containing 25 mM Bis-Tris, 150 mM
NaCl and 0.1 mM ZnCl2 at pH 7.0. For NMR experiments,
uniformly 15N- and 15N/13C-labeled FKBP25 was purified
as previously described (25) and protein sample was pre-
pared in a buffer containing 20 mM sodium phosphate, 50
mM NaCl, 0.01% NaN3, 90% H2O and 10% D2O at pH 7.
For FKBP25–DNA titration, labeled protein was prepared
in 20 mM Bis-Tris, pH 7.0, with 50 or 150 mM NaCl, 90%
H2O and 10% D2O.

The 23-bp oligonucleotide (DNAYY1) and ethylenedi-
aminetetraacetic acid-derivatized deoxythymidine (dT-
EDTA)-conjugated oligonucleotides were purchased from
Sigma-Aldrich (Singapore). The sequence of the DNAYY1

oligo was 5′AGGGTCTCCATTTTGAAGCATGC3′.
Double-stranded DNA (dsDNA) was prepared by mixing
an equal amount of two complementary oligonucleotides in
25 mM Tris and 150 mM NaCl at pH 7.0, heating to 95◦C
for 5 min and cooling slowly to room temperature. The con-
centration of DNA was measured by ultraviolet absorbance
at 260 nm with an ND-100 UV-Vis spectrophotometer
(NanoDrop Technologies, Inc.)

NMR spectroscopy data acquisition and assignments

Samples for NMR experiments contained 0.5–0.6 mM pro-
tein in 20 mM sodium phosphate, pH 7.0, 50 mM NaCl,
1 mM DTT, 0.01% NaN3 and 10 or 100% D2O. Conven-
tional two-dimensional (2D) and three-dimensional (3D)
heteronuclear NMR data were collected using uniformly

15N- and 13C/15N-labeled samples (26). All NMR exper-
iments were performed on Bruker Avance 600 and 700
MHz spectrometers equipped with a cryoprobe at 298 K.
Assignments of the protein backbone 15N, 1HN, 13C�,
13C�, 13C′ and H� chemical shifts of FKBP25 were car-
ried out based on HNCACB, CBCA(CO)NH, HNCA,
HN(CO)CA, HNCO, HN(CA)CO and HNHA spectra.
The chemical shifts of side-chain resonances were obtained
from a combination of (H)CC(CO)NH, H[(CC(CO)]NH,
1H-13C-HCCH-TOCSY, 1H-15N-NOESY-HSQC (τm 100
ms) and 1H-13C-NOESY-HSQC (τm 100 ms) spectra. 1H
resonances of free DNAYY1 oligomer were assigned using
a combination of homonuclear 2D TOCSY and NOESY
(τm 200 ms) recorded in 90% H2O/10% D2O or 99.9% D2O
conditions. DNA assignments in the FKBP25–DNAYY1

complex were obtained from 2D-F1, F2-[13C/15N]-filtered
NOESY spectra (27–30). Intermolecular NOEs between
FKBP25 and DNAYY1 were assigned from 3D-13C F1-
filtered F3-edited NOESY spectra recorded in D2O (27–
30). All spectra were processed with NMRPipe (31) and
analyzed using SPARKY. The assigned chemical shift val-
ues of FKBP25 have been deposited in the Biological Mag-
netic Resonance Bank (BMRB ID: 19551) (25). To mea-
sure residual dipolar coupling (RDC) constants, poly (ethy-
lene glycol)/alcohol mixtures were used as alignment me-
dia for the preparation of anisotropic sample condition
as described previously (32). Briefly, 50 �l of C12E5 were
mixed in 530 �l of NMR buffer containing 90% H2O and
10% D2O for stock solution preparation. 1-Hexanol was
gradually added in 2 �l increments with vigorous shak-
ing to a final molar C12E5:1-hexanol ratio of 0.96. After
1 h of resting at room temperature, air bubbles were re-
moved by centrifugation at 5000 × g for several minutes. For
the measurement of RDC, 300 �l of the C12E5:1-hexanol
stock solution was added to 200 �l of protein solution.
The final concentration of the C12E5:1-hexanol mixture
in the NMR sample was about 5% (wt/wt). One-bond N-
NH RDC constants were measured using 2D 1H-coupled
IPAP 1H-15N-HSQC spectra (33) with 512 complex t1 (15N)
points and 128 scans per t1 increment for both isotropic and
anisotropic conditions. The data analysis and calculation of
the alignment tensor were performed using REDCAT soft-
ware (34).

Structure calculation and refinement of human FKBP25

Solution structures of the human FKBP25 were calculated
by simulated annealing in torsion angle space with a combi-
nation of the programs CYANA 2.1(35) and CNS 1.2 (36).
Nuclear overhauser effect (NOE) distance constraints were
derived by analyzing 1H-15N-NOESY-HSQC (100 ms mix-
ing time) and 13C-edited NOESY-HSQC (100 ms mixing
time) spectra of uniformly 15N- or 13C/15N-labeled samples
of FKBP25. The secondary structure was predicted by the
TALOS+ program (37) based on the results of the analy-
sis of chemical shifts of the main-chain N, HA, CA and
C atoms and sequential (|i-j| = 1), short range (|i-j| < 5)
NH–NH and NH-aliphatic contacts on a 1H-15N-NOESY-
HSQC spectrum. Dihedral angle (phi, psi) restraints were
also calculated from chemical shifts using TALOS+ and
hydrogen bond restraints were obtained based on the pro-
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tein structure during structure calculations. NOE cross-
peaks on NOESY spectra were classified based on their in-
tensities and were applied with an upper distance limit of
3.0 Å (strong), 3.5 Å (medium), 5.0 Å (weak) and 6.0 Å
(very weak), respectively. An additional 0.5 Å was added
for NOEs that involved methylene and methyl groups. Up-
per distance limit for the inter-domain NOE contacts be-
tween the N-terminal HLH and C-terminal FKBD were
set at 6.5 Å. A total of 200 conformers were generated as
initial structures by CYANA 2.1 from 5836 NOE and 281
backbone dihedral angle constraints. After calculation, ini-
tial conformers were sorted by target function values and
the lowest 100 conformers were selected for further refine-
ment using CNS 1.2. One hundred and thirty-six backbone
hydrogen bonds were identified on the basis of initial struc-
tures and 128 1DNH RDC constraints were included in the
final stage of the calculation. The final structure was refined
using a simulated annealing protocol with a combination
of torsion angle space and cartesian coordinate dynamics
as described previously (38). Finally, 20 structures were se-
lected by their total energy values for display and structural
analysis. MOLMOL (39) and PyMOL (40) programs were
used for structure visualization and PROCHECK-NMR
and Protein Structure Validation Software suite were used
for structure validation (41,42). The 20 NMR ensemble
structures have been deposited in the PDB ID: 2MPH.

NMR relaxation measurement

To study dynamic behavior of FKBP25, 15N relaxation
NMR data were recorded at 298 K for 0.5 mM of 15N-
labeled FKBP25 on a 700 MHz NMR spectrometer. Amide
15N relaxation data of R1, R2 and heteronuclear 1H-15N-
NOE data experiments were performed as described (43).
R1 data were measured with eight different relaxation de-
lays 5, 65, 145, 246, 366, 527, 757 and 1148 ms, and R2
data were obtained by using 10 different relaxation delays of
8.4, 25.1, 41.8, 58.6, 75.3, 100, 120 and 142 ms. Duplicated
time points were used for estimation of the error. Steady
state heteronuclear 1H-15N -NOE spectra were recorded
with and without 3 s of 1H proton saturation. The relax-
ation rates and error estimation were determined by using
Sparky and the correlation time (τ c) for each domain was
calculated TENSOR2 (44).

NMR titration of FKBP25 with DNA or peptide

NMR samples for DNAYY1 was prepared in buffer contain-
ing 25 mM Tris, pH 7.0, 150 mM NaCl and 10% D2O while
for YY1 peptide or YY1–DBD we used same buffer supple-
mented with 0.1 mM ZnCl2. Molecular interactions of full-
length FKBP25 with DNAYY1, YY1 peptide or YY1–DBD
were studied by 2D TROSY-HSQC spectroscopy (45) using
15N-labeled FKBP25 on a Bruker Avance 700 spectrometer
at 298 K. The weighted chemical shift perturbations (CSPs)
for backbone 15N and 1HN were calculated by the formula
�� = [(�1HN)2 + (�15N/5)2]0.5 where �1H and �15N are
change in chemical shift of 1H and 15N respectively, upon
DNA or YY1 peptide binding.

Paramagnetic relaxation enhancement (PRE) experiment

To observe the intermolecular interaction between FKBP25
and DNA, oligonucleotides with dT-EDTA at positions 5
and 27 were purchased from Sigma-Aldrich (Singapore).
The oligonucleotides were annealed with their respective
unlabeled strand to generate two types of dsDNA denoted
as DNA-1 (labeled at dT5) and DNA-2 (labeled at dT27)
(Figure 6C). The dT-EDTA-labeled dsDNAs were mixed
with equal amounts of Mn2+ or Ca2+ to achieve a para-
magnetic or diamagnetic state respectively, and free Mn2+

or Ca2+ was subsequently removed on a PD-10 column.
For paramagnetic relaxation enhancement (PRE) measure-
ments, NMR samples (0.15 mM) were prepared by mix-
ing 15N-labeled FKBP25 with a DNA-Mn2+ or DNA-
Ca2+complex in a 1:1 molar ratio. 15N TROSY-HSQC spec-
tra were acquired on a Bruker 600 MHz NMR spectrometer
equipped with a cryoprobe. The peak intensities of para-
magnetic and diamagnetic states were measured and the
intensity ratios of the paramagnetic to diamagnetic state
(Ipar/Idia) were calculated.

Isothermal titration calorimetry (ITC) experiment

The binding of the 23-bp double-stranded DNAYY1 with
FKBP25 and YY1–DBD were analyzed by isothermal titra-
tion calorimetry (ITC) experiments carried out on a Mi-
croCal iTC200 (MicroCal Inc., Northampton) at 25◦C. For
FKBP25–DNAYY1 binding study, 100 �M DNAYY1 was
titrated into 25 �M FKBP25 or into the ITC buffer con-
taining 25 mM Tris and 150 mM NaCl at pH 7.0. For each
titration, 1 �l of DNA was injected 24 times with a time
interval of 180 s and stirring speed was maintained at 500
rpm. The reference power was 7 �cals−1. For YY1–DBD
and DNAYY1 interaction, 200 �M dsDNAYY1 was titrated
into 25 �M YY1–DBD by mixing 2.5 �l of DNA per in-
jection for 16 injections. The time interval for each injec-
tion was 150 s and the stirring speed was fixed to 500 rpm.
The YY1–DBD and DNAYY1 were prepared by dialyzing
samples into aliquots from a common stock buffer contain-
ing 25 mM Bis-Tris, pH 7.0, 150 mM NaCl and 0.1 mM
ZnCl2 to avoid any signal obtained from buffer mismatch.
For the buffer blank experiments, DNAYY1 was titrated into
the same buffer. The data collected from all of the ITC ex-
periments were integrated using MicroCal Origin 5.0 and
signals from blank were subtracted. The data was fitted to
a one-site binding model (due to mixing artifacts, the heat
associated with the first peak was excluded from the data
analysis).

Tryptophan quenching experiment

To confirm the binding of 23-bp DNAYY1 with FKBP25
and its mutants, change in the intrinsic fluorescence of
the tryptophan moieties of FKBP25 were recorded us-
ing a Cary Eclipse fluorescence spectrophotometer (Varian,
Inc.). A total of 5 �M of human FKBP25, K22A, Q150E
or K157A was titrated with DNAYY1 and fluorescence in-
tensity was recorded until the binding reached to saturation.
The sample was excited at 290 nm and emission spectra were
recorded between 300 and 420 nm at 25◦C. Relative fluores-
cence intensity, which was obtained by [(F0-F)/F0] where F0
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and F is the fluorescence intensity in absence and presence
of DNA, was plotted against the DNA concentrations. The
binding affinity Kd was determined by Origin pro software
using ligand depletion model.

Gel retardation assay

A total of 300 ng of supercoiled plasmid DNA (pSUMO)
was mixed with increasing concentrations of FKBP25 in 20
mM phosphate buffer and 150 mM NaCl, pH7.0. The used
DNA:FKBP25 molar ratios were 1:0, 1:25, 1:125 and 1:250.
The FKBP25–DNA mixture was also prepared with differ-
ent salt concentrations ranging from 0 to 1600 mM NaCl.
The FKBP25–DNA mixture was incubated at room tem-
perature for 30 min and loaded onto a 1% agarose gel. ss-
DNA was prepared by linearizing pSUMO plasmid DNA
(by digesting with BamH1 restriction enzyme) followed by
heating at 100◦C and immediate cooling to 0◦C as previ-
ously described (46).

HADDOCK docking

With the inputs of NMR titration, mutational analysis and
intermolecular interactions between DNA and FKBP25 de-
rived from isotope filtered NOESY experiment, we per-
formed docking on a HADDOCK web server (47) and built
a model for the FKBP25–DNA complex. The sequence of
first 20 residues of 23-bp DNAYY1 used in this study were
same as the sequence of 20-bp dsDNA used in crystal struc-
ture of YY1–DNA complex (PDB ID: 1UBD). We used
the structure of DNA from the YY1–DNA complex and
the solution structure of the full-length human FKBP25
for docking experiments. The active residues of FKBP25
were defined by combinations as those showing CSPs larger
than the averages (�� > 0.05), the presence of intermolec-
ular NOEs between FKBP25 and DNA and mutagenesis
data with solvent accessible surface area larger than 30%
for either main-chain or side chain atoms calculated with
NACCESS and MOLMOL program. We defined Lys22,
Lys23, Lys42, Lys48, Gln150, Lys156 and Lys157 as ac-
tive residues for protein. In the case of DNAYY1, based on
ambiguous or unambiguous intermolecular NOE informa-
tion, we selected nucleotides A10, C23, T24, T25, C26, G32,
A34 and G35 as active residues. Passive residues for both
FKBP25 and DNAYY1 were automatically picked by the
HADDOCK server program. These experimental restraints
were used as input for the HADDOCK program and de-
fault parameters were used for docking. The resulting struc-
tures were clustered by a default cutoff value (7.5 Å). HAD-
DOCK clustered 153 structures in 10 clusters, which repre-
sent 76.5% of the water-refined models HADDOCK gen-
erated. Finally, based on the HADDOCK score and total
energy, the best model from the first cluster was selected as
the final model of the FKBP25–DNA complex. The quality
of the HADDOCK-derived complex models was checked
using PROCHECK (48).

RESULTS

Solution structure of full-length human FKBP25

The solution structure of the full-length human FKBP25
was determined based on a total of 5972 NMR-derived

distance restraints, 281 dihedral angle restraints and 128
RDC constraints. The ensemble of 20 low-energy structures
is shown in Figure 1B. Excluding the 35 residues (Gly74-
Pro108) in the flexible loop between the N-terminal HLH
domain and C-terminal FKBD, the root-mean-square de-
viation (RMSD) values relative to the mean coordinate of
20 conformers were 0.67 ± 0.25 Å for the backbone atoms
and 1.01 ± 0.26 Å for all heavy atoms (Table 1). The topol-
ogy of FKBP25 showed that the HLH and FKBD are
connected by a long and unstructured flexible linker from
Gly74-Pro108 (Figure 1B and C). The N-terminal domain
consists of five �-helices (Figure 1D–F). The C-terminal do-
main shows a canonical FKBD fold which consists of six
anti-parallel �-strands and a short central �-helix (Figure
1G–I). The calculated RMSD values for the C� trace be-
tween our NMR and previously reported structures were
1.40 Å and 1.87 Å for HLH and FKBD, respectively (Sup-
plementary Figure S1b and S1c).

As there are no known FKBP family proteins with struc-
tural features showing inter-domain interaction when in-
teracting with their substrates or ligands, the domain–
domain contact between the N-terminal HLH and C-
terminal FKBD of FKBP25 is an interesting structural
feature among the family. The FKBP25 structure revealed
that residues located in the N-terminal HLH domain (Val5-
Arg8) interact with residues of the C-terminal �2 and �6,
which we confirmed by observing a series of inter-domain
NOEs between HLH and FKBD from 15N-edited NOESY-
HSQC and 13C-edited NOESY-HSQC spectra (Figure 2A
and B). The backbone amides of residues Val5 and Gln7
at the N-terminus form hydrogen bonds with the side-chain
oxygen atoms of Thr138 of �2 and Glu217 of �6, respec-
tively (Figure 2C). In addition, an ionic interaction be-
tween Arg8 and Glu219 was also observed (Figure 2C).
Furthermore, truncation of the C-terminal FKBD caused
slight perturbations of the chemical shifts on the N-terminal
HLH domain, indirectly indicating the presence of domain–
domain interactions between the HLH and C-terminal
FKBD (Supplementary Figure S2). The connecting loop
between these two domains is unstructured in solution as
demonstrated by the lack of medium and long-range NOEs
and also random coil secondary chemical shifts and dy-
namic properties determined in a heteronuclear NOE ex-
periment. These data suggested that the N-terminal HLH
and C-terminal FKBD cooperate with each other to per-
form their molecular functions.

To study internal motion and the overall domain dynam-
ics, we measured 15N relaxation data for FKBP25 (Supple-
mentary Figure S3). R1, R2 and heteronuclear data cor-
roborate that FKBP25 comprises of well ordered N- ter-
minal HLH and C-terminal FKBD connected by a flexi-
ble linker. The average tumbling correlation time for over-
all residues in the N-terminal HLH domain is � c ≈ 7.5 ns,
which is significantly larger than the estimated value of � c ≈
5.9 ns, using HYDRONMR software (49). For C-terminal
FKBD, the average � c of 11 ns is slightly higher than the
theoretical value, � c ≈ 10 ns. These values suggest that the
rotational diffusion of both domains are coupled and do
not tumble independently. However 15N R2/R1 ratios and
different correlation times of the HLH and FKBD are sig-
nificantly different, indicating that the interaction between
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Figure 2. Molecular interaction between the N-terminal HLH and C-terminal FKBD domains. (A) Representative strips of the 15N-edited three-
dimensional (3D) NOESY spectrum of FKBP25 showing NOE cross-peaks between residues on the N-terminal (Gln7) and the C-terminal FKBD (Tyr135).
(B) Representative strips of the 13C-edited 3D NOESY spectrum of FKBP25, with NOE cross-peaks between residues on the N-terminal HLH (Pro6, Gln7)
and the C-terminal FKBD (Phe216, Lys187). (C) A ribbon representation of the interaction between the HLH and FKBD. The HLH domain and FKBD
are highlighted in cyan and pink respectively. Crucial residues forming hydrogen bonds (Val5, Gln7, Thr138 and Glu217) and electrostatic interactions
(Arg8, Glu219) are shown as sticks and hydrogen bonds are indicated by dashed lines. Refer online version for color coding.
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Table 1. Structural statistics for FKBP25

Number of NOE constraints

All 5835
Intra residues |i-j| = 0 1008
Sequential, |i-j| = 1 1568
Medium-range, 1<|i-j|<5 1011
Long-range, |i-j|> = 5 2248
Number of hydrogen bond constraints 136
Number of dihedral angle constraints 281
Number of RDC constraints (1DHN) 128
Number of constraint violations (>0.5Å) 0
Number of angle violations (>5◦) 0
Number of RDC violations (>1.0Hz) 0
CNS energy (kcal.mol-1)
Etotal 133.58 ± 1.58
ENOE 6.73 ± 0.53
Ecdih 0.62 ± 0.14
Ebond + Eangle + Eimproper 91.86 ± 1.40
Evdw 33.29 ± 1.41
RMSD for Residue 2–73,109–223 to mean (excluding flexible loop 74–108)1

Backbone 0.67 ± 0.25Å
Heavy Atoms 1.01 ± 0.26Å
RMSD for N-terminal helix-loop-helix domain (2–73)1

Backbone 0.55 ± 0.13Å
Heavy atoms 0.86 ± 0.16Å
RMSD for C-terminal FK506 binding domain (109–223)1

Backbone 0.60 ± 0.32Å
Heavy atoms 1.00 ± 0.34Å
Ramachandran plot (excluding flexible loop 74–108)2

Most favored regions 83.1%
Additionally allowed regions 14.5%
Generously allowed regions 2.4%
Disallowed regions 0.0%

1Number of structures used in RMSD calculation was 20.
2Ramachandran analysis was performed using PROCHECK-NMR program.

both domains is not strong. These results suggest that HLH
and FKBD of FKBP25 are in between the two extreme dy-
namics models. The first model is single rigid tumbling of
both domains, and the second one is each two domain is
dynamically independent. 15N relaxation data and obser-
vation of weak interdomain NOEs support FKBP25’s in-
terdomain flexibility and weak domain–domain interaction
between both HLH domain and FKBD.

FKBP25 binds to DNA

The electrostatic surface potential enabled us to visualize
a patch of positively charged residues on both of the do-
mains of FKBP25 (Figure 1F and I), which indicated that
FKBP25 is a potential nucleic acid-binding protein. In or-
der to study the interaction of FKBP25 with nucleic acid
we first examined the DNA-binding ability of FKBP25 in
a gel retardation assay by employing supercoiled plasmid
DNA (pSUMO). A significant retardation of the migra-
tion of plasmid DNA was observed on an agarose gel when
DNA was mixed with human FKBP25 (Figure 3A). The
retardation was clearly detectable when the molar ratio of
DNA:FKBP25 was close to 1:125. We obtained similar re-
sults with different DNA sequences (Figure 3B), suggest-
ing that FKBP25 binds to double-stranded DNA (dsDNA)
in a sequence-independent manner in vitro. As sequence-
independent protein–DNA binding is mainly mediated by
ionic interactions, we examined the effect of increase in salt

concentration on FKBP25-mediated DNA binding, which
revealed that the gel retardation decreases with an increase
in salt concentration (Figure 3C). However, no gel retarda-
tion was observed when single-stranded DNA (ssDNA) was
incubated with FKBP25 (Figure 3D). These findings sug-
gest that FKBP25 has a preferred DNA binding ability to
dsDNA over ssDNA.

Since FKBP25 recognizes large dsDNA segments (plas-
mid DNA or linear DNA fragments), we wanted to test
FKBP25’s ability to recognize oligonucleotides. To perform
biophysical characterization of FKBP25–nucleic acid in-
teraction and also to study the possible ternary complex
formation with YY1 protein, a transcription factor known
to bind FKBP25 (15), we decided to use a 23-bp dsDNA
oligonucleotide (referred to as DNAYY1). The sequence of
DNAYY1 used here is the same (except for the three addi-
tional nucleotides at its 3′ end) as that which has been shown
to bind YY1 earlier (15), which helps us to make more re-
liable observations on the ternary complex formation. To
this end, we quantitatively examined the molecular interac-
tion between FKBP25 and DNAYY1 using ITC, which in-
dicated an upward trend of the titration peaks and the pos-
itive resultant integrated heats (Figure 4A), confirming the
physical interaction between these two. The �S were ob-
served to be positive which indicates that it’s entropy driven
interaction. The estimated Kd value for the DNA binding
was 1.23 ± 0.15 �M and the thermodynamic parameters
of interaction have been summarized in Supplementary Ta-
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Figure 3. Gel mobility shift experiments showing binding of FKBP25 with DNA. (A) A gradual increase in band shift in purified plasmid DNA (300
ng) mixed with increasing concentrations of FKBP25 (molar ratio 1:0, 1:25, 1:125 and 1:250; lane 1–4 respectively) is shown. (B) The retardation of
DNA fragment migration after FKBP25 binding is shown; DNA fragments of all sizes (ranging from 3 kb to 100 bp) display reduced migration. (C)
Gel retardation assay of the FKBP25-plasmid complex in the presence of increasing concentrations of NaCl shows that the interaction of FKBP25 with
plasmid DNA decreases with increasing concentration of NaCl. Lane 1 has DNA alone while lane 2–7 had DNA incubated with FKBP25 in 1:125 molar
ratio and increasing concentration of NaCl (0, 100, 200, 400, 800 and 1600 mM NaCl respectively). (D) Gel shift assay of single-stranded plasmid DNA
alone (lane 1) and with FKBP25 (lane 2, molar ratio 1:1 and lane 3, molar ratio 1:250) showing no binding to ssDNA.

ble S1. We also examined the FKBP25–nucleic acid interac-
tion by tryptophan fluorescence quenching experiment and
showed that the fluorescence emission reduced with increas-
ing concentrations of DNA. The estimated binding affinity
of FKBP25 with DNA was 2.6 ± 0.5 �M which is compa-
rable with the value obtained by ITC (Figure 4A and B).

Both the N-terminal HLH domain and C-terminal FKBD in-
teract with DNA

The gel retardation, ITC and trytophan fluorescence
quenching results indicated that FKBP25 can interact with
dsDNA. To confirm this binding and to further probe the
molecular interface of FKBP25–DNA complex, we per-
formed NMR titration of FKBP25 with different molar
ratios of DNAYY1. As seen in the Figure 4C, the titra-
tion caused shifting and broadening of some of the cross
peaks in the 1H-15N HSQC spectrum confirming the bind-
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Figure 4. Characterization of FKBP25–DNA binding by isothermal titration calorimetry (ITC), fluorescence quenching and NMR titration. (A) ITC
results of the FKBP25 titrated with DNA; the raw data of heat changes (upper panels) and the process curve fit (lower panel) are shown for 0.1 mM of
23 bp dsDNAYY1. (B) The relative fluorescence intensity [(Fo-F)/Fo] of 5 �M FKBP25 is shown as function of DNAYY1 concentration, F and F0 are
the fluorescence intensities at 342 nm in absence and presence of DNA respectively. Plot was used to estimate binding constant of FKBP25–DNAYY1

interaction. (C) The overlaid TROSY-HSQC spectra of FKBP25 without (red), with 1:1 (green) or 1:2 (blue) dsDNAYY1; the spectra show a gradual shift
in some cross-peaks on DNA binding. CSPs of some residues are zoomed and shown in a box. Refer online version for color coding.
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ing of FKBP25 with DNA. The significant changes (>0.05)
in chemical shift were observed for the backbone reso-
nances of Glu18, Gln19, Lys22, Lys23, Asp24, Lys42, Ile47,
Lys48, Val50, Leu59, Gln150, Lys155, Lys157, Ala159 and
Lys160 (Figure 5A and B). These residues are either di-
rectly involved in the interaction with DNA or their chem-
ical shifts are affected indirectly by the interaction. Ex-
cept for five residues (Gln150, Lys155, Lys157, Ala159 and
Lys160) from FKBD, all of the other residues showing no-
table chemical shift changes belonged to the N-terminal
HLH domain, which signifies the role of the HLH do-
main in FKBP25–DNA interactions. Interestingly, the five
residues from the C-terminal FKBD are located in its 40s
loop (referred as basic loop), suggesting an involvement of
this basic loop in these interactions.

The mapping of the CSP’s from the NMR titration onto
the surface of FKBP25 revealed two major patches, one on
HLH domain and the other on the basic loop of FKBD
(Figure 5B). We also performed NMR titration of FKBP25
with DNAYY1 at 1:1 molar ratio at two different salt con-
centrations (50 and 150 mM). The overlay spectra of free
FKBP25 with FKBP25–DNAYY1 complex, either in the
buffer with 50 or 150 mM salt concentration, showed that
CSPs of the cross peaks reduced when salt concentration
was increased, confirming that FKBP25–DNA interaction
is salt dependent (Supplementary Figure S4). In order to in-
vestigate the interaction of FKBP25 with ssDNA, we also
performed a HSQC experiment in the absence and presence
of ssDNAYY1. The results from NMR titration showed that
there were negligible CSPs in any of the residues. These data
confirm that the FKBP25-ssDNA interaction is feeble (Sup-
plementary Figure S5), which corroborates the gel shift as-
say results (Figure 3D).

Mutational studies reveal critical amino acids for the
FKBP25–DNA interaction

NMR titration indicated that some residues of FKBP25
show significant CSPs upon DNA binding. Anyhow few of
these residues could be directly involved in binding while
others could be indirectly involved through conformational
changes brought about in FKBP25. To determine which
interaction provides the greatest contribution to the ob-
served affinity, we site-specifically mutated residues (K22A,
K23A, K42A, I47F, Q150E and K157A) that showed sig-
nificant CSPs, and examined their role in DNA binding.
Analysis of the DNA migration patterns in the presence
of the mutants indicated that all mutants, except for I47F,
were critical for DNA interactions (Figure 5C and D). To
further validate the result, we also performed tryptophan
fluorescence quenching experiments using these mutants.
FKBP25, K22A, Q150E and K157A were titrated with in-
creasing concentration of DNAYY1. The change in fluo-
rescence intensity at 342 nm was plotted against different
DNA concentrations and then the Kd were estimated for
wild-type and mutant proteins. Binding affinities of DNA
with FKBP25 and its mutant have been summarized in Sup-
plementary Table S2. Consistent with the gel shift assay
result (Figure 5C and D), the mutants showed almost 4-
fold reduced affinities to DNA with respect to the wild-type
FKBP25, confirming that residues K22, Q150 and K157 are

critical in the DNA recognition by FKBP25 (Supplemen-
tary Figure S6a and S6b).

Structural basis of nucleic acid recognition by FKBP25

To understand the structural basis of nucleic acid recogni-
tion by FKBP25, we collected NMR data of FKBP25 in the
presence of 23-bp DNAYY1, which revealed overlapping res-
onances and lack of sufficient unambiguous intermolecular
NOE constraints. Despite the severely overlapped DNA res-
onances in the protein–DNA complex, a few unambiguous
intermolecular NOEs were observed in 3D-13C F1-filtered
F3-edited NOESY spectra taken with 13C/15N labeled pro-
tein and unlabeled DNAYY1: Lys22 C�H to H2’/H4’ of
T31 and H5 of C32 (Supplementary Figure S7 and Sup-
plementary Table S3). Thus, in this study we used selected
number of intermolecular NOEs, HSQC titration and mu-
tational data, and generated an FKBP25–DNA complex
model by HADDOCK (Supplementary Table S3). The
FKBP25–DNAYY1 structure model revealed that both the
N-terminal HLH domain and the C-terminal FKBD bind
directly to DNA (Figure 6A). Consistent with the muta-
tional study, residues Lys22, Lys23 and Lys42 interact with
DNA through salt bridges formed with the phosphate back
bone of DNA indicating that these side chains are required
for interaction with DNA (Figure 6B). From the C-terminal
FKBD, residues like Lys154, Lys155 and Lys156 makes di-
rect salt bridge contact with the phosphate backbone of
DNAYY1 (Figure 6B). Other residues that showed signifi-
cant CSPs on DNA binding were present in close proximity
to the DNA, suggesting that the FKBP25–DNA structural
model was consistent with the NMR titration data. The
structure also confirmed that the basic loop of FKBD plays
an important role in DNA-binding. Sequence alignment of
human FKBP25 with its homologs from yeasts and plants
or other human FKBPs showed that the highly charged ba-
sic loop with a patch of lysine residues is exclusively present
only in human FKBP25 (Supplementary Figure S8). The
structure of the full-length FKBP25 showed that this long
and unique basic loop is present in close proximity to the
N-terminal domain (Figure 6A) and serves as a novel motif
to aid nucleic acid binding by FKBP25.

Paramagnetic relaxation enhancement (PRE) measurements

To validate the model of the FKBP25–DNA complex gen-
erated by HADDOCK, we performed PRE experiments.
We prepared two modified DNAs, which have the same se-
quences as DNAYY1, each DNA having one thymine la-
beled with EDTA. DNA-1 had EDTA labeling at position
5 while DNA-2 had EDTA labeling at position 27 (Figure
6C). Paramagnetic and diamagnetic states were obtained by
generating DNA in complex with either Mn2+ or Ca2+, re-
spectively. Then 15N TROSY-HSQC spectra were acquired
for FKBP25–DNA-1 and FKBP25–DNA-2 complexes in
paramagnetic and diamagnetic states. To check whether
spin labeling had an effect on FKBP25–DNA binding, the
spectra from the complex with or without the spin label were
superimposed. Because these superimposed spectra fit well,
we concluded that spin labeling did not cause any changes
in FKBP25–DNA binding (data not shown). Moreover, the
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Figure 5. DNA-binding surface in FKBP25 revealed by NMR. (A) Weighted CSPs for the 15N and 1H resonance of FKBP25 after DNA binding; the lower
black line represents the average CSP while upper black line is the sum of average CSPs and standard deviation. (B) DNA-binding surface of FKBP25
mapped by CSP results represented in the surface representation; the residues having CSP more than 0.07 are represented in red while those showing CSP
between 0.07 and 0.05 are shown in green. (C) Gel shift assay of the wild-type FKBP25 and mutants. Lane 1 had pSUMO plasmid DNA alone while
other lanes had plasmid DNA incubated with wild-type or mutant FKBP25 in 1:250 molar ratio. (D) Gel retardation of the plasmid DNA in increasing
concentrations of wild-type or K157A mutant FKBP25 in DNA to protein molar ratio 1:0, 1:25, 1:125 and 1:250. Refer online version for color coding.
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Figure 6. Structural model of the FKBP25–DNA complex. (A) FKBP25–DNA complex structure model obtained from HADDOCK docking. The HLH
domain, flexible loop, FKBD and basic loop are shown in red, blue, cyan and purple, respectively). (B) The FKBP25–DNA model with the residues
of FKBP25 important for the interaction with DNA. DNA and FKBP25 are presented in a cartoon representation and residues are shown in a stick
representation in yellow for HLH and cyan for basic loop. (C) Sequences of two modified DNAs with one strand having EDTA-labeled thymine either at
position 5 (denoted as DNA-1) or at position 27 (denoted as DNA-2). Thymines with EDTA labeling are shown in red. (D) A section of overlaid 1H 15N
TROSY-HSQC spectra of the FKBP25–DNA-1 complex obtained in paramagnetic (in red) and diamagnetic (in blue) states by chelating labeled EDTA
with Mg2+ or Ca2+, respectively. (E and F) The plot depicts the ratio of peak intensities of all residues from paramagnetic to diamagnetic states for FKBP25
in complex with DNA-1 or DNA-2 respectively. The arrows in the plot show a stretch of residues that are important for DNA binding. (G) The effect of
PRE on the FKBP25–DNA model; the residues with an intensity ratio <0.4 are colored blue or red for the HLH domain and FKBD, respectively. Refer
online version for color coding.
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overlaid spectra of the FKBP25–DNA-1 complex in para-
magnetic and diamagnetic states showed that the intensi-
ties of some of the peaks decreased in the paramagnetic
state (Figure 6D). Later, the ratios of the peak intensities
for paramagnetic to those for diamagnetic states (Ipar/Idia)
were estimated and plotted for all residues (Figure 6E and
F). PRE measurements for the FKBP25–DNA-1 complex
showed that the Ipar/Idia ratio was significantly attenuated
for residues Glu18-Ile26 from �1/�2 loop and �2 helix,
Gly45-Asp57 from �3/�4 loop, �4/�5 loop and �4 he-
lix, Gln150-Lys160 from �3/ �4 loop, the basic loop of
FKBD (Figure 6E). In the paramagnetic state, the peaks of
some residues, such as Lys22, Lys23, Lys48, Lys52, Thr53
and Ala159, completely disappeared, indicating that these
residues are located close to Mn2+ bound to DNA-1(Figure
6G). The PRE results very well supported the FKBP25–
DNA model, because all of the residues that showed PRE
effects were positioned in close proximity to DNA in the
FKBP25–DNA complex model (Figure 6B). The Lys22,
Lys23, Lys42 and Lys48 residues showed maximum CSPs
on DNA binding (Figure 5A). These residues showed ionic
interactions with the DNA phosphate backbone, and in
support of that model, the PRE experiments also showed
maximum PRE effects for these residues. The peaks of
FKBD residues Gln150-Lys160 were significantly attenu-
ated, which confirmed that FKBD, through its basic loop,
was also involved in binding with DNA, thus supporting the
FKBP25–DNA model. Some residues from FKBD, but not
those belonging to the basic loop, such as Lys118, Ile223
and Asp224, also showed significantly reduced peaks un-
der paramagnetic conditions, which is logical because these
residues are located close to the basic loop of FKBD. Sur-
prisingly, the results of PRE experiments we obtained for
DNA-1 and DNA-2 were found to be same (Figure 6E and
F). This observation could be explained by the fact that
FKBP25 binds to DNA in a sequence-independent man-
ner and any dT-EDTA-labeled end of DNA (either DNA-1
or DNA-2) could bind to any side of protein (either HLH
domain or FKBD) and hence no difference was seen in the
PRE results for binding of DNA-1 and DNA-2 to FKBP25.
Thus, we could conclude that any end of DNA could bind
with the HLH domain while the other end could bind with
the FKBD of FKBP25.

Transcription factor YY1-binding surface on FKBP25 re-
vealed by NMR titration

YY1 belongs to the zinc finger family possessing four zinc
fingers that form the DNA binding domain (referred to
as YY1–DBD) (Supplementary Figure S1d). YY1 inter-
acts with the HLH domain of FKBP25 through residues
300–333, which resides in the first zinc finger of YY1 (15).
In order to map the YY1 binding site on FKBP25, NMR
TROSY-HSQC experiment of 15N-labeled FKBP25 with
either YY1–DBD or YY1 peptide (amino acid residues
300–333) was performed. Both YY1–DBD or YY1 peptide
showed similar binding to FKBP25 as the binding shifted
the same set of residues on FKBP25 (data not shown), thus
we decided to use the YY1 peptide for further NMR titra-
tions. After confirming YY1 peptide binding to FKBP25,
we performed titration of FKBP25 with YY1 peptide to

find residues gradually shifting upon YY1 peptide bind-
ing. The overlaid HSQC spectra of FKBP25 showed in-
crease in CSPs of some of the residues with increasing
concentrations of the YY1 peptide (Supplementary Figure
S9a). Most of residues that shifted on YY1 peptide bind-
ing (Gln30-His32, Leu38-Ala39, Asn64-Leu66 and G74)
belonged to the HLH domain (Figure 7A and B; Supple-
mentary Figure S9b), which was consistent with previous
report (23). Interestingly, we also found that some residues
(His132, Cys133, Leu162 and Asp222) from the C-terminal
FKBD also showed CSPs after YY1 peptide binding (Sup-
plementary Figure S9b), making a patch located on the rear
side of the FK506-binding pocket facing toward the HLH
domain (Figure 7A, middle and right panels). Mapping of
YY1-binding site on the FKBP25–DNA complex model
suggested that the YY1–FKBP25 interaction may affect the
FKBP25-mediated DNA binding or vice versa (Figure 7C).
To further understand the relationship between YY1 and
DNAYY1 binding to FKBP25, HSQC spectra for FKBP25–
DNA–YY1 peptide (1:1:1, 1:1:2, 1:1:5 and 1:1:10 molar ra-
tios) were obtained and compared with the HSQC spec-
tra of free FKBP25, FKBP25–DNA (1:1) and FKBP25-
YY1 peptide (1:1). The FKBP25–DNA complex and the
FKBP25–YY1 peptide complex showed a shift in residues
specific to DNA or YY1 binding respectively. Although
the overlaid spectra of FKBP25 and FKBP25–DNA–YY1
(1:1:1) revealed that YY1 could not abolish the binding of
FKBP25 with DNAYY1 at a 1:1 molar ratio of DNAYY1

to YY1 peptide. Gradually increase in YY1 molar ratio
from 1:1 to 1:10, resulted in a gradual decrease and in-
crease in the CSP of the DNA-binding residues and YY1
binding residues of FKBP25, respectively. At 1:10 molar
ratio of DNAYY1 to YY1 peptide, YY1 peptide was able
to completely abolish the FKBP25–DNAYY1 interaction by
forming an FKBP25–YY1 peptide complex (Supplemen-
tary Figure S10). Taken together, the NMR data points to
a model where high concentration of YY1 competes with
DNA for FKBP25 binding. To further probe the dynamics
of FKBP25, YY1–DBD and DNAYY1 we performed sev-
eral ITC experiments. The result of ITC experiment per-
formed to investigate binding of YY1–DBD to DNAYY1

showed that the interaction is exothermic and enthalpy
driven with the estimated Kd of 0.39 ± 0.6 �M (Supple-
mentary Table S1 and Supplementary Figure S11). In this
direction we also tried to measure the affinity of FKBP25
with YY1–DBD, but the Kd was not measurable probably
due to relatively minimal heat release upon interaction, indi-
cating feeble binding (data not shown). The comparison of
binding affinity suggests that DNAYY1 has stronger affinity
for YY1–DBD than FKBP25 (almost 3-fold higher binding
affinity), while binding affinity of FKBP25 with YY1–DBD
domain is weakest among all three binary complexes.

DISCUSSION

The NMR solution structure of FKBP25 displays molec-
ular characteristics with inter-domain interaction between
the N-terminal HLH and C-terminal FKBD, which allows
nucleic acid recognitions. These structural features could
play an important role in the biological actions of the
immunophilin in the nucleus, especially in the regulation
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Figure 7. Mapping of the YY1-binding site in FKBP25. The mapped YY1-binding site in FKBP25 is presented either in a cartoon (A) or in a surface
representation (B). The model (in the middle panel) has been rotated 90◦ either on the horizontal axis (left panel) or on the vertical axis (right panel) to
show the complete binding site. The YY1-binding site is indicated and the residues having CSP more than 0.15 are represented in red while those showing
CSP between 0.07 and 0.15 are shown in green. (C) Model of the FKBP25–DNA complex showing the YY1-binding sites. A portion of the YY1-binding
site overlaps with the DNA-binding site (middle panel) but the major section of the YY1-binding site does not overlap with the DNA-binding site of
FKBP25 (left panel and right panel). Refer online version for color coding.

of epigenetic functions through associations with various
types of nucleic acids and chromatin modification enzymes
and transcription factors, such as HDAC and YY1.

The full-length FKBP25 structure presented in this study
revealed that the N- and C-terminal domains interact
with each other through the formation of hydrogen bonds
and electrostatic interactions. Further we have shown that
FKBP25 interacts with DNA, in a sequence independent
manner, mainly through electrostatic forces between the two
macromolecules. In particular residues in the �2 (Lys22-
His32) and �4 (Ile47-Thr53) helices of the N-terminal HLH
domain and the basic loop (Gln150-Ala159) of the C-
terminal FKBD are involved in DNA recognition, suggest-
ing that both domains are required for DNA recognition
by FKBP25. Our structural model suggests that fourth he-

lix of the HLH domain might form major groove interac-
tions and the basic loop of FKBD cooperate to form in-
teractions with an adjacent minor groove. Interestingly, the
key DNA recognition helix �4 was shown to interact with
DNA in a tilted angle. Moreover, the basic loop, also known
as 40s loop of canonical FKBP family, was found to be no-
tably larger than that of other FKBPs and bears a stretch
of lysine residues (KKKKNAK) that appeared to be im-
portant for FKBP25-mediated DNA binding and to be a
novel molecular function of FKBP family proteins. Because
the inter-domain interaction has been shown to be weak,
the long and flexible loop between the N- and C-terminal
domains might provide structural flexibility for the forma-
tion of complexes with their binding partners. The long loop
could allow a level of flexibility with regard to DNA bind-
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ing: maybe the basic loop could bind to the minor/major
groove that’s not only one turn away from the HLH bind-
ing site, but also bind to the groove that is 2 or 3 turns away.

FKBP25 was shown to interact with the transcription
factor YY1 (15). Here we confirmed the previous findings
(23) in our NMR study and also mapped the YY1-binding
site on FKBP25. We showed that higher concentrations of
YY1 peptide were required to abolish FKBP25–DNA inter-
action and form a binary complex with FKBP25, suggest-
ing that FKBP may have differential binding affinities to nu-
cleic acids and YY1. The binding affinity (Kd) of DNAYY1

with YY1–DBD was estimated to be 0.39 �M using ITC,
which is comparable with the previously reported values
of 0.56 and 0.80 �M, determined by ITC (50) and fluores-
cence anisotropy measurements (51) respectively. The bind-
ing affinity of YY1 to DNA is relatively low (in micro mo-
lar range), in comparison to other zinc finger transcription
factors which usually show binding affinity in nanomolar
range (51). Based on the low binding affinity of YY1, it was
suggested that YY1 may require other co-regulator proteins
to increase its affinity to DNA. For example, it was shown
that the transcriptional activation mediated by YY1 was en-
hanced by binding to INO80, an adenosine triphosphate-
dependent chromatin-remodeling complex (52). Similarly
YY1 was also found to interact with FKBP25 and this inter-
action was shown to be important for increased repression
activity of YY1 (15). The increased repression activity was
a result of the increased binding affinity of YY1 to DNA
by an unknown mechanism. It was also showed that YY1
mainly binds to N-terminal HLH domain through its first
zinc finger (residues 300–333). The co-crystal structure of
YY1–DNA complex suggested that the second and third
zinc fingers are important for DNA sequence recognition
and binding, while the first zinc finger is relatively loosely
bound to DNA (the first zinc finger makes a single base con-
tact to DNA while other zinc-fingers of YY1 makes multi-
ple contacts). Our structural studies suggest that FKBP25
can also bind both DNA or YY1 zinc finger 1 through dif-
ferent residues of N-terminal HLH domain while the basic
loop from FKBD also provides additional binding to DNA
and thus FKBP25 could serve as a co-regulator of YY1.
In addition, it was also noted that the interacting DNA re-
gions are almost mutually exclusive for FKBP25 (Supple-
mentary Figure S12b) and YY1. Taken all these informa-
tion together, we proposed a model for the FKBP25–DNA–
YY1 ternary complex. YY1 binds to DNA through the zinc
fingers 2 and 3, while the zinc finger 1 binds with the N-
terminal HLH domain of FKBP25 near the major groove
of DNA and both HLH domain and basic loop of FKBD
could bind to major and minor groove of the same DNA
and thus this ternary complex could stabilize and increase
binding affinity of YY1 to the DNA. Similar ternary com-
plex formation was shown before where Pax-5, a paired box
family protein, interacts with Ets-1, a transcription regula-
tor and both of these proteins bind with same DNA to form
a ternary complex (53).

Previous study has shown that YY1 can bind FKBP25
even in the absence of DNA. Here we propose that FKBP25
could bind to YY1 first (Supplementary Figure S12a) and
then this binary complex searches for the DNA binding se-
quence for YY1 (as both YY1 and FKBP25 has compara-

ble affinity to DNA of 0.39 and 1.20 �M respectively) where
it forms a ternary complex in the above mentioned fashion
(Supplementary Figure S12b). This ternary complex forma-
tion could be necessary for increasing the affinity of YY1
for DNA. Finally, FKBP25 can release itself from the DNA
and not necessarily from YY1 as suggested by our NMR
titration (Supplementary Figure S10), implying that an in-
crease in YY1 concentration abolishes FKBP25–DNA in-
teraction (Supplementary Figure S12c). Apart from this it
is also possible that these two proteins can independently
interact with DNA and then form a ternary complex. How-
ever, given the limitations of these predicted models more
studies are required to further understand the molecular
mechanism governing the interactome among these macro-
molecules forming the ternary complex.

In addition, knockdown of FKBP25 resulted in a notable
increase in MDM2 and decrease in p53 and p21 levels (14),
suggesting a potential role of FKBP25 in homeostatic reg-
ulation of p53–MDM2 interaction. Human FKBP25 inter-
acts with HDAC1/2 (15) and its yeast homolog Fpr3 plays
a regulatory role in meiotic recombination checkpoint (18).
A recent proteomic study indicated the potential roles of
FKBP25 in DNA packaging, pre-messenger RNA splicing
and chromatin remodeling (54,55), suggesting a possible
link between human FKBP25 and the recognition of nu-
cleic acids. Several proteins, which are known to interact
with DNA in a sequence-independent manner, were shown
to be involved in DNA repair or have a role in chromatin re-
modeling (17,46,56–58). Human FKBP25 interacted with
the high mobility group II and it serves as a substrate for
poly [adenosine phosphate-ribose] polymerase 1, which led
to the adenosine phosphate-ribosylation of FKBP25 in re-
sponse to DNA damage stress (59), suggesting a possible
role of FKBP25 in DNA repair and also in the regulation
of gene expression. Interestingly, a structural motif char-
acterized by a positively charged surface patch centered
on the tilted helix �4 in its N-terminal HLH domain was
also present in human HectD1, which is homologous to
the E6AP carboxyl terminus domain containing E3 ubiq-
uitin ligase1 (23). Taken together, recent data suggest the
involvement of FKBP25 in various nuclear events. Consid-
ering its functional versatility, chromatin immunoprecipita-
tion sequencing (Chip-Seq) on FKBP25-bound nucleic acid
complexes might provide fundamental insights into molec-
ular regulatory mechanism of nucleic acid recognition by
FKBP25 at a genome-wide level.

In conclusion, in this study we present a structural ba-
sis of DNA binding by FKBP25 and provide evidence for
functional domain–domain cross-talk of FKBP25 and an
emerging role of its FKBD in the molecular recognition
of nucleic acids. More studies are needed to fully under-
stand the physiological significance of these immunophilin-
mediated nuclear interactions.
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