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ABSTRACT

Human Y-box binding protein 1 (YB-1) is a multifunc-
tional protein and overexpressed in many types of
cancer. It specifically recognizes DNA/RNA through
a cold shock domain (CSD) and regulates nucleic
acid metabolism. The C-terminal extension of CSD
and the phosphorylation of S102 are indispensable
for YB-1 function. Until now, the roles of the C-
terminal extension and phosphorylation in gene tran-
scription and translation are still largely unknown.
Here, we solved the structure of human YB-1 CSD
with a C-terminal extension sequence (CSDex). The
structure reveals that the extension interacts with
several residues in the conventional CSD and adopts
a rigid structure instead of being disordered. Either
deletion of this extension or phosphorylation of S102
destabilizes the protein and results in partial unfold-
ing. Structural characterization of CSDex in complex
with a ssDNA heptamer shows that all the seven nu-
cleotides are involved in DNA–protein interactions
and the C-terminal extension provides a unique DNA
binding site. Our DNA-binding study indicates that
CSDex can recognize more DNA sequences than pre-
viously thought and the phosphorylation reduces its
binding to ssDNA dramatically. Our results suggest
that gene transcription and translation can be reg-
ulated by changing the affinity of CSDex binding
to DNA and RNA through phosphorylation, respec-
tively.

INTRODUCTION

Human Y-box binding protein 1 (YB-1) is a multifunc-
tional protein regulating cell proliferation, embryonic de-
velopment and stress response (1–3). It is overexpressed in
many types of cancer and is classified as a proto-oncogene.
It performs the functions through participating in DNA
and RNA metabolism including DNA replication, DNA re-
pair, transcription, pre-mRNA splicing, non-coding RNA
biogenesis, stress granule and P-body formation (2,4–7).
YB-1 can bind to DNA and RNA through specific and non-
specific ways (2). The specific binding is conferred by the
cold shock domain (CSD) and nonspecific binding by basic
regions at the C-terminal domain (CTD) of YB-1. A recent
report has revealed that the arginine-rich region in the CTD
is involved in interactions with RNA and ssDNA to form
nucleoprotein filaments (8).

The canonical CSD of human YB-1 spans from the 51st
to 129th residue (9). The boundary of CSD has been chal-
lenged as deletion of the C-terminal extension residues re-
duced the binding of chicken YB-2 to single-stranded DNA
(ssDNA) (10,11). Previous studies have suggested that the
flanking regions of CSD may also regulate nucleic acid
binding (1). This indicates the extended terminal regions of
CSD may be essential for efficient nucleic acid binding and
proper folding of CSD.

YB-1 was initially found to specifically bind to a Y-box
sequence (CCAAT/ATTGG, double stranded DNA (ds-
DNA)) located in the promoter of the major histocompat-
ibility complex class II (12). Later, it was shown that YB-1
also can bind to other gene promoters which contain the
Y-box sequence, such as epidermal growth factor receptor
(EGFR) and multidrug resistance 1 (MDR1) (13,14). Us-
ing a generic oligonucleotide microchip, YB-1 was found
to specially bind to sequences with CACC and CATC mo-
tifs for ssDNA and GGTG/CACC, GATG/CATC and
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GTGG/CCAC for dsDNA (15). In addition, YB-1 can rec-
ognize CT rich sequences in MYC gene promoter (16). Be-
cause YB-1 does not recognize the 4-mer core sequence
(ATTG and TTGG) of the Y-box efficiently (15) and
there are some controversial reports about YB-1 regulating
MDR1 gene through the Y-box sequence, it has been ques-
tioned whether the Y-box participates in the binding (17).

Similar to ssDNA, RNA CACC and CAUC motifs have
high affinity to YB-1, but CUGC, CA and CG repeats have
low affinity (18). Investigation of YB-1 targets shows other
RNA motifs exist too. YB-1 binds to 3′-UTR (untranslated
region) of its own mRNA through 5′-UCCAGCAA-3′ and
5′-UCCAACAA-3′, which contain CAGC and CAAC mo-
tifs (19). In CD44 exon v4, YB-1 binds to the consensus
sequence CAACCACA (20), which contains CAAC and
CCAC motifs. Clearly, the DNA and RNA motifs to which
YB-1 binds share similar sequences as nucleic acid bases
contribute mostly to the interactions with YB-1 (21).

YB-1 CSD contributes to specific recognitions of DNA
and RNA, but most of the studies have focused on the full-
length YB-1. There is lack of information about how the
isolated CSD interacts with different nucleic acid sequences.

Two crystal structures of YB-1 CSD in complex with
RNAs were reported in 2019 (21,22). The structures show
that four RNA bases CAUC/CACC bind to CSD through
two nucleic acid binding motifs: RNP1 and RNP2. On the
basis of the structures, the C-terminal extension seems to
have no contribution to RNA binding, contradictory to the
previous results (10,11). Therefore, it is necessary to further
characterize the structural role of the C-terminal extension
in interactions with nucleic acids.

Posttranslational modification plays an important role
in regulating the function of YB-1. S102 located at YB1
CSD can be phosphorylated by RSK1/2 and AKT (23).
In tumors from cancer patients, YB-1 is highly phospho-
rylated (24). Anticancer reagents, ionizing radiation, UV
exposure and growth factors also can induce YB-1 phos-
phorylation (23–26). It has been shown that the phospho-
rylation of S102 affects both DNA transcription and RNA
translation (14,27–30). According to the current structural
information, however, S102 is not involved in nucleic acid
binding (21). How phosphorylation of this amino acid regu-
lates gene transcription and translation through nucleic acid
binding needs further structural study.

Here, we reported the solution structures of human YB-
1 CSD with a C-terminal extension of 11 amino acids in
ssDNA-free and -bound forms using NMR spectroscopy.
The structures suggest that the C-terminal extension plays
a critical role in stabilizing the structure of CSD and partici-
pates in direct interactions with ssDNA. We further showed
that phosphorylation of S102 results in local unfolding of
the CSD due to the destabilization effect and reduces sig-
nificantly ssDNA binding affinity.

MATERIALS AND METHODS

Purification of YB-1 CSD and CSDex

YB-1 CSD (D51-G129) and CSDex (D51-A140) were
cloned into a modified pET32a vector with an N-terminal
His-tag. The protein was expressed using BL21(DE3) bac-
terial strain in LB or M9 medium supplemented with 15N

NH4Cl or both 15N NH4Cl and 13C-labeled glucose and
the overexpression was induced with 0.1 mM IPTG at
20◦C overnight. The protein was purified using a Ni-NTA
agarose column and the His-tag was removed by throm-
bin. The large molecular weight aggregate was removed by
passing the protein solution through a HiLoad 16/600 Su-
perdex 75 pg column (GE healthcare) in a buffer containing
20 mM sodium phosphate (pH 7.4), 300 mM NaCl and 1
mM EDTA. The purified protein was confirmed to be nu-
cleic acid free by measuring the ratio of OD260/OD280 to be
<0.65. The single point mutants S102A, S102D and S102E
were purified using the same procedure.

YB-1 CSD phosphorylation

Human active RSK1 (R1031) was purchased from Sigma
Aldrich. CSDex was phosphorylated by RSK1 following
the procedure provided by the manufacturer with minor
changes. Briefly, purified 15N-labeled CSDex was changed
into a buffer containing 5 mM MOPS (pH 7.2), 50 mM
NaCl, 2.5 mM �-glycerolphosphate, 5 mM MgCl2, 1 mM
EGTA, 0.4 mM EDTA, 5 mM DTT and 1 mM ATP.
RSK1 was added into the protein solution to catalyze the
reaction at 30◦C overnight. The phosphorylation was ex-
amined by mass spectrometry (MS) (Agilent Technologies
6530 Accurate-Mass Q-TOF LC/MS) in the electrospray
ionization mode. The phosphorylated CSDex (PS102) was
changed into buffer A (20 mM sodium phosphate (pH 7.4),
50 mM NaCl and 1 mM EDTA) and adjusted to 0.1 mM
protein for recording NMR 1H–15N HSQC.

NMR spectroscopy and structure calculation

NMR experiments were performed on DNA-free and
DNA-bound samples at 298 K using an 800 MHz Bruker
AVANCE NMR spectrometer equipped with a 5-mm cryo-
genic probe. The DNA-free sample contained 0.8 mM
13C,15N-labeled CSDex in a 20 mM sodium phosphate
buffer (pH 7.4), 50 mM NaCl, 1 mM deuterated EDTA
(d16) and 3% D2O. The DNA-bound sample contained
1.0 mM 13C,15N-labeled CSDex and 1.0 mM ssDNA (5′-
AACACCT-3′) in the same buffer as that for the DNA-
free sample. 2D HSQC, 3D HNCA, HNCOCA and MQ-
(H)CCH-TOCSY (31), and 4D NOESY (32) were recorded
to obtain backbone and sidechain resonance assignments.
1H chemical shift assignments of the ssDNA were achieved
using 2D 13C/15N-filtered TOCSY and NOESY (33). NMR
spectra were processed using NMRPipe (34) and analyzed
using NMRFAM-Sparky (35). Backbone and sidechain res-
onance assignments were achieved using the NOESY-based
strategy (36,37). Unambiguous intra-molecular NOEs were
obtained from three sub-spectra: 13C,15N-edited, 13C,13C-
edited and 15N,15N-edited 4D NOESY. Inter-molecular
NOEs between CSDex and ssDNA were identified from a
3D 13C,15N-filtered/edited NOESY experiment (38). Dis-
tance constraints obtained from the assigned NOEs were
divided into three classes based on the intensities of NOE
cross-peaks: (i) strong: 1.8 Å < d < 2.9 Å, (ii) medium:
1.8 Å< d < 3.5 Å and (iii) weak: 1.8 Å < d < 5 Å, while
the dihedral angle restraints of � and � were calculated
with TALOS+ using the assigned chemical shifts of C�, C�,
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N, H� and HN (39). The solution structure was calculated
with Xplor-NIH (40,41) using the torsion angle molecular
dynamics protocol. The refinements for ssDNA-free and -
bound structures were performed using RNA ff1 (42) and
eeFX force-fields (43), respectively. 20 conformers from a
total of 100 calculated ensembles with the lowest energy
were selected for analysis.

Steady-state 15N–{1H} heteronuclear NOE values of CS-
Dex were measured on a 700 MHz spectrometer at 298 K
according to the previously described method (44). In the
measurements, the recycle delay was 8 s and the proton sat-
uration time was 4 s. The 15N–{1H} NOE values were de-
rived from ratios of the peak intensities with and without
proton saturation.

2 mM ssDNA (5′-CAACACCT-3′) was titrated into 0.1
mM 15N-labeled CSDex solution and 1H–15N HSQC spec-
tra at a series of ssDNA concentrations were acquired on a
600 MHz Bruker AVANCE II spectrometer.

Measurement of affinity of ssDNA binding to protein by ITC

Purified CSDex, its mutants, and phosphorylated CSDex
each were prepared in buffer A at 10 �M. All the ssD-
NAs were purchased from Tianyi Huiyuan Biotech Co. and
dissolved in buffer A at 100 �M. To obtain affinities of
ssDNAs binding to CSDex, its mutants, and phosphory-
lated CSDex, isothermal titration calorimetry (ITC) was
performed at 298 K on a VP-ITC instrument (GE Health-
care).

Determination of apparent molecular weight of YB-1 CSDex
by gel filtration

YB-1 CSDex was passed through a HiLoad 16/600 Su-
perdex 75 pg column (GE healthcare) in a buffer containing
20 mM sodium phosphate (pH 7.4), 300 mM NaCl and 1
mM EDTA. The CSDex concentration of the loaded sam-
ple was 10 mg/ml. The elution volumes of standards were
used to estimate the molecular weight of CSDex in aqueous
solution.

RESULTS

C-terminal extension of CSD stabilizes the folded structure

Human YB-1 CSD with the conventional domain bound-
ary (D51-G129) exhibited two sets of 1H–15N correlations
(Figure 1A). One set is characteristic of disordered (un-
folded) proteins with 1H chemical shifts in a narrow range
of ∼7.9–8.5 ppm, while the other is characteristic of folded
proteins. This is consistent with the previous study (45). The
result shows that this CSD construct exists in two confor-
mations, one folded and one unfolded or disordered, which
undergo slow conformational exchange in the NMR time
regime. The result also implies that this CSD is marginally
stable and can unfold easily. To clarify how the residues
close to the termini affect CSD stability, a number of con-
structs with different sequence lengths were tested. In the
end, the shortest stable construct was identified to consist of
90 residues from D51 to A140, which is denoted as CSDex.
The 1H–15N HSQC spectrum of CSDex showed one set of
signals, indicating that the protein exists in a single folded

form (Figure 1B) and also implying that CSDex is more sta-
ble than the CSD construct. CSDex eluted at ∼90 ml on a
size exclusion column pg75 16/600 (Supplementary Figure
S1), between the standard Aprotinin (∼95 ml, 6.5 kDa) and
Ribonuclease A (∼80 ml, 13.7 kDa), indicating that it exists
as a monomeric form (∼10 kDa) even at a concentration of
10 mg/ml.

YB-1 CSDex exists as a compact folded structure

Using triple-resonance NMR experiments, we obtained
backbone and sidechain resonance assignments. Apart
from proline, four residues (V68, N94, Y99 and E117) were
not assigned in backbone resonances because their 1H–
15N correlations were missing in the HSQC. In the previ-
ous study on YB-1 CSD without the C-terminal extension,
fourteen non-proline residues (K64, W65, N67, V68, Y72,
K93-N95, R97-Y99 and R101-V103) were not observed in
the 1H–15N HSQC due to conformational exchanges in the
intermediate exchange regime (9). Here, 89% (481/540) of
proton resonances were assigned for CSDex, which ensures
to obtain a sufficient number of 1H–1H NOE assignments.
Using distance restraints derived from the assigned 1H–1H
NOEs and dihedral angle restraints derived from the chem-
ical shifts (Supplementary Table S1), the structure of CS-
Dex was determined. The NMR assignments and 20 solu-
tion structure models have been deposited in BMRB (ID:
36307) and PDB (ID: 6LMS), respectively. Overall, CSDex
adopts a barrel structure with five antiparallel �-strands:
�1 (K53-N67), �2 (G71-R77), �3 (K81-H87), �4 (G106-
G116) and �5 (A120-A123) (Figure 2). The loops connect-
ing the strands (loop12, loop23, loop34 and loop45) are
slightly less converged than the �-strands and have fixed
orientations with respect to the barrel. 15N–{1H} heteronu-
clear NOE data (Supplementary Figure S2A) also support
that the loops are relatively rigid and just slightly more
flexible than the �-strands. Although the C-terminal ex-
tension (G130-A140) does not adopt a regular secondary
structure, it exists as a well-defined long loop with exten-
sive interactions with loop12 and loop34. For instance, fol-
lowing inter-residue 1H–1H NOEs were observed: Y138 –
V68, G135–V103, G135–G104 and S136–S102. The 15N–
{1H} heteronuclear NOE values for this loop are similar to
those for the �-strands (Supplementary Figure S2A), fur-
ther demonstrating that the C-terminal extension is rigid
rather than flexible and disordered. For the CSD without
the extension, most residues in loop34 (K93–Y99, R101–
V103) had very weak or invisible 1H–15N correlations (Fig-
ure 1A) (9,45), suggesting that this region undergoes confor-
mational exchanges on ms-�s timescales. For CSDex, how-
ever, only N94 and Y99 in this loop were invisible in the
HSQC. This result shows that the mobility of loop34 on ms-
�s timescales is also reduced significantly by the C-terminal
11-residue extension. Structural comparison shows that the
overall �-barrel structure of CSDex is similar to the CSD
structure (PDB ID: 1H95) solved previously (9,45), but
loop34 is defined much better in CSDex than in CSD (Fig-
ure 2A), resulting from extra interactions of this loop with
the C-terminal extension. The chemical shifts of amides lo-
cated in the regular �-strands of CSDex and CSD are simi-
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Figure 1. 1H–15N HSQC spectra of CSD (A) and CSDex (B). Peak assignments of CSDex are labeled. For CSD (aa 51–129), the assignments were retrieved
from the published data (45) and the residues from the unfolded form are indicated by appending ‘U’ in front of residue numbers. The peaks from the
sidechains of W, Q and N are labeled by appending “s” after the residue numbers.
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Figure 2. (A) Stereo view of an ensemble of twenty structures of CSDex superimposed for residues 53–67, 72–77, 83–88, 108–116, 119–126 and 130–139.
(B). Ribbon diagram of the lowest energy structure of CSDex. The five �-strands are shown in green. The C-terminal extension from G130 to A140 is
highlighted in red and the side-chain of residue S102 is shown in yellow. The four loop regions (loop12, loop23, loop34 and loop 45) are colored in gray.

Figure 3. ITC profiles of CSDex binding to a series of ssDNAs. The experimental data are indicated by dots. The solid lines are the best fits. Kd values
extracted from data fitting are given in the plots. The stoichiometric binding ratios obtained for all the DNAs are close to 1.

lar, but the amide chemical shifts in loop34 are very different
(Supplementary Figure S3), consistent with the conclusion
drawn from the structural comparison.

ssDNA binds to CSDex in a sequence-specific way

To examine the binding affinities of CSDex to different ssD-
NAs, we performed ITC experiments. All the ssDNAs used

here are identical in sequence length (Figure 3). The ITC
profiles and extracted Kd values are summarized in Figure
3. The CCAC motif and 7dT bound to CSDex in �M affin-
ity, indicating non-specific binding. Other motifs had much
higher affinities, suggesting that the binding of CSDex to ss-
DNA is sequence specific. The binding affinity from higher
to lower is in the order of CATC > CACC > CAAC > Y-
box (CAAT) > CAGC > CCAC > 7dT.
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Figure 4. (A) Stereo view of an ensemble of twenty structures of CSDex (blue) in complex with a ssDNA (5′-AACACCT-3′) (magenta) superimposed
for residues 53–67, 72–77, 83–88, 108–116, 119–126 and 130–139. (B) Ribbon diagram of the lowest energy structure of CSDex-ssDNA complex. The five
�-strands are shown in green. The C-terminal extension from G130 to A140 is highlighted in red. The bases are represented by sticks and balls in purple.
The residues involved in interactions with ssDNA are shown by sticks and balls in yellow (W65, F74, F85, H87 and Y138) and blue (K64, R69 and K118).

Structure of CSDex–ssDNA complex

To better understand how CSDex interacts with ssDNA,
we solved the structure of CSDex in complex with an
ssDNA heptamer (5′-AACACCT-3′) using NMR. In the
presence of the heptamer, only one non-proline residue
(R101) was not assigned in backbone resonances. Using
intra- and inter-molecular 1H–1H distance and dihedral an-
gle restraints derived from NMR experiments (Supplemen-
tary Table S1), the structure was determined. The NMR
assignments and 20 structure models have been deposited
in BMRB (ID: 36306) and PDB (ID: 6LMR), respectively.
The overall structure of CSDex in the ssDNA-bound form
is similar to that in the ssDNA-free form (Figures 4 and
2). Interestingly, all loops in the DNA-bound form are con-
verged better than those in the DNA-free form (Figures 2
and 4). The 15N–{1H} heteronuclear NOE data (Supple-
mentary Figure S2B) also indicate that the loops become
more rigid upon binding to the ssDNA. The ssDNA adopts
an arc shape and binds onto the surface formed by �1 to
�3. From the complex structure, it is clearly shown that
all the seven DNA nucleotides are involved in binding to
the protein. Intermolecular NOEs between residues H87,
F85, F74, Y72, N70, N67 and W65 to nucleotides were
observed in the CSDex/ssDNA complex (Supplementary
Table S2, Figure S4). In addition, �–� stacking interac-
tions between Y138 in the C-terminal extension and C6
are found in the complex (Supplementary Figure S4, Ta-
ble S2). Besides aromatic residues, several positive charged
residues such as K64, R69 and K118 may contribute to
DNA binding through charge-charge interactions (Supple-
mentary Table S2). Apart from the previously identified
three nucleic acid binding regions: RNP1 (W65-N70 and
Y72-F74), RNP2 (F85, H87) and loop45 (K118) (21,22), we
found one extra region locating at the C terminal extension
(Y138) (Figure 4).

Phosphorylation of S102 destabilizes CSDex and reduces
DNA binding affinity

CSDex was phosphorylated with RSK1, and the phospho-
rylation was confirmed by MS. The measured molecular

weight of CSDex before phosphorylation was 9927.3 Da,
which is close to the predicted molecular weight 9927.1 Da
(Supplementary Figure S5A). After phosphorylation reac-
tion, the molecular weight changed to 10007.3 Da, show-
ing that the protein was phosphorylated successfully (Sup-
plementary Figure S5B). According to the intensities of
two sets of MS peaks from the phosphorylated and non-
phosphorylated forms, ∼95% CSDex was phosphorylated
(Supplementary Figure S5B).

After phosphorylation, several backbone 1H–15N corre-
lations disappeared or shifted too far away from the original
positions, including K92, K98, S102, V103, G104, Q134,
G135 and S136 (Figure 5). These residues perturbed by the
phosphorylation are located at loop34 and C-terminal ex-
tension, which are spatially close to the phosphorylation
site S102 (Figure 2). In addition, the sidechain NH group
of W65 displayed two 1H–15N NMR correlations: one cor-
responding to the folded form and the other to the unfolded
form. Moreover, some extra 1H–15N correlations appeared
in the region of 7.9–8.5 ppm on the 1H dimension (Figure
5). This spectral feature is similar to that for the CSD lack
of the C-terminal extension, suggesting that the phospho-
rylated CSDex exists in two forms: one being folded, and
the other being locally unfolded or fully unfolded. Three
very resolved peaks at ∼8.35 ppm for 1H and ∼110 ppm for
15N were assigned to G106, G116 and G119 in the unfolded
form by comparing 1H–15N chemical shifts of PS102 and
CSD (Figures 1A and 5). According to signal intensity ra-
tios of the folded and unfolded correlations, the populations
of individual residues in the unfolded form were estimated
to be 25% for W65 sidechain, 20% for G106, 6% for G116,
and 4% for G119. The population variation among differ-
ent residues suggests that locally unfolded forms instead of
a fully unfolded form exist in the phosphorylated sample.
Taken together, phosphorylation disrupts the interactions
of S102 with its surrounding residues and destabilizes the
folded structure, in turn shifts the dynamic folded-unfolded
equilibrium towards the locally unfolded form.

To determine the effect of the phosphorylation on DNA
binding, we performed 1H–15N HSQC titration using a ss-
DNA (5′-AACACCT-3′). For non-phosphorylated CSDex,
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Figure 5. 1H–15N HSQC spectra of CSDex (red) and phosphorylated CSDex (pS102, blue). Peak assignments of CSDex are labeled. The peaks that
disappeared or shifted too far away from the original positions after phosphorylation are labeled in purple. For pS102, the peaks of W65 sidechain in the
folded and unfolded forms are labeled as W65s and W65su, respectively, while the peaks of G106, G116 and G119 in the unfolded form of pS102 are labeled
as G106u, G116u and G119u.

the original set of peaks gradually decreased in intensity,
a new set of peaks appeared and increased in intensity, and
the peak positions did not change with the increase of DNA
concentration during the titration (Supplementary Figure
S6A). This indicates that the DNA-bound and DNA-free
forms are in slow exchange in the NMR time regime and the
binding is strong, consistent with the ITC result. For phos-
phorylated CSDex, in contrast, the original set of peaks
shifted gradually in position with the increase of DNA con-
centration (Supplementary Figure S6B), indicating that the
DNA-bound and DNA-free forms are in fast exchange and
the binding is weak. According to our ITC data (Figure 6),
the affinity of pS012 to a ssDNA (9.4 �M) was about 200
times lower than that of WT CSDex to the same ssDNA
(45 nM). Since the phosphorylation at S102 disturbs the
structures of two DNA-binding regions (one around W65
and the other in C-terminal extension), it is not surprised
that the phosphorylation reduces the ssDNA binding affin-
ity. The results demonstrate the importance of S102 for the
stability of CSDex and its binding affinity to ssDNA.

To further understand the importance of S102 to DNA
binding, we mutated S102 to D and E separately to mimic
the phosphorylated protein. The 1H–15N HSQC spectra
of S102D and S102E mutants displayed the characteristic
peaks from the unfolded form, including the W65 sidechain
peak and G106, G116 and G119 amide peaks (Supple-

mentary Figure S7). On the basis of the peak intensity ra-
tios, the unfolded populations of S102E were 21% for W65
sidechain, 9% for G106, 4% for G116, and 2% for G119;
while the unfolded populations of S102D were 11% for W65
sidechain, 7% for G106, 3% for G116 and 1% for G119. The
spectral features for S102D, S102E and PS102 are similar
although the unfolded populations are not the same. The
results indicate that S102D and S102E can mimic PS102.

Based on ITC experiments, the binding affinities of
S102D and S102E to ssDNA (5′-AACACCT-3′) were 1.8
and 4.0 �M respectively (Figure 6), which are at the same
order as that of pS102, but are more than 40 times lower
than that of WT CSDex (45 nM). To assess if the affin-
ity change is caused simply by point mutation or phospho-
metic effect, S102A was generated. This mutant gave rise
to a similar spectral pattern to S102D and S102E (Supple-
mentary Figure S7). The unfolded populations were about
17% for W65 sidechain, 6% for G106, 4% for G116 and 1%
for G119. Its affinity to the ssDNA was ∼0.6 �M (Figure
6), much lower than that for WT CSDex but significantly
higher than those for S102D and S102E. The results fur-
ther support that S102 is essential to the stability of CS-
Dex and the binding affinity to ssDNA. Replacement of
the hydroxyl group at S102 sidechain by mutation or phos-
phorylation will destabilize CSDex and reduce its affinity
to ssDNA.
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Figure 6. ITC profiles of phosphorylated CSDex (pS102), CSDex mutants S102D, S102E and S102A binding to ssDNA (5′-AACACCT-3′).

DISCUSSION

It has long been reported that human YB-1 CSD ex-
ists in a dynamic equilibrium between folded and un-
folded forms (9,45). According to our result, the CSD
with an 11-residue C-terminal extension exists in a well
folded form. The unfolded form observed for the conven-
tional YB-1 CSD is simply caused by inappropriate selec-
tion of the domain boundary. Thus, the cold shock do-
main in the full-length YB-1 should adopt a folded stable
structure and the interactions of the 11-residue extension
(GVPVQGSKYAAD) with loop34 and loop12 should be
independent of the sequence beyond A140. The C-terminal
extension sequence, which is in interactions with the phos-
phorylation site S102 as well as ssDNA, is quite conserved
in YB-1 from different species (Figure 7), demonstrating its
importance. Besides YB-1, other CSD-containing proteins
such as Lin28, CRHSP24 and UNR from eukaryote also
contain C-terminal extension sequences (46–49) although
the extension sequences have low similarity between differ-
ent types of proteins (Figure 7). On the other hand, the
CSD-containing proteins from bacteria are lack of the ex-
tension sequence (50). This implicates that the extended C-
terminal sequences are structural and functional important
only for eukaryotic CSD-containing proteins.

Very recently, two YB-1 CSD/RNA complex structures
have been solved by X-ray crystallography. In one struc-
ture the CSD from human consists of 81 residues (G50–
G130) without the C-terminal extension. In the other struc-
ture, the CSD from zebrafish consists of 93 residues with
the C-terminal extension (D30-R122, corresponding to hu-
man YB-1 D51-R142), and this extension adopts a loop
structure, similar to that obtained in this study. Note that
the CSDex domains from human and zebrafish are identi-
cal in amino acid sequences. In both the X-ray structures,
the RNAs used consist of six nucleotides and only four
core nucleotides are involved in interactions with two com-
mon binding regions in CSD: RNP1 (W65, F74) and RNP2
(F85, H87). In the structure of the CSD from zebrafish, one
of the four core nucleotides also interact with loop45. Al-
though the protein in our CSDex/ssDNA complex adopts
a structure similar to the zebrafish CSD, all the seven nu-
cleotides in our heptamer ssDNA instead of four are in con-

tacts with CSDex. Besides the RNP1, RNP2 and loop45,
the C-terminal extension (Y138) interacts with Cyt6 and
Thy7 in the ssDNA most likely through �–� interactions.
Our structure explains the previously reported data that
deletion of the C-terminal region of chicken YB-2 CSD
results in the loss of its ssDNA binding (10,11). Accord-
ing to our structure, apart from the four core nucleotides,
the flanking sequence is important for proper DNA/RNA
binding, supporting the previous suggestion that efficient
binding of YB-1 to RNA may require an appropriate flank-
ing RNA sequence (18).

Although Y138 has interactions with Cyt6 and Thy7 in
our CSDex–DNA complex, the DNA binding does not in-
duce a significant structural change of the region G130–
A140. In the work by Kretov et al. (8), G130–140 was as-
sumed to adopt a random coil structure and Y138 was con-
sidered to have no interactions with any nucleotides. Using
PRE (paramagnetic relaxation enhancement) experiment,
Kretov et al. found that the distances between the amides of
G135, S136 and K137 and the sidechain of T62 are shorter
in the DNA-free form than in the 10 nt ssDNA-bound form.
The distance change information was derived from NMR
peak intensity difference, but the exact distance change was
not calculated. Because PRE is inversely proportional to the
sixth power of the distance between a nuclear spin and a
free radical (located at the MTSL), 10% change of a dis-
tance from 15.0 to 16.5 Å will result in ∼60% reduction of
the PRE. In addition, the distance change can be caused by
altering backbone or/and sidechain conformations. There-
fore, the structural change induced by DNA binding should
not be significant for CSDex.

Similar to YB-1, the CSDs in Lin28 and UNR from eu-
karyotic organisms also use RNP1, RNP2 and loop45 as
ssDNA and RNA binding sites (47,48,51). Sequence com-
parison shows that loop45 and its adjacent residues are
partially conserved with one invariable positively charged
residue (Figure 7), suggesting that CSDs from different eu-
karyotic species may bind to nucleic acids through three
common binding sites: RNP1, RNP2 and loop45. On the
other hand, the binding site located in the C-terminal ex-
tension is likely unique to YB-1 since the homology of the
extension sequences from different family proteins is low
(Figure 7).
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Figure 7. Sequence alignment of human YB-1 CSD with different CSDs. Numbers given on the top of the sequence are the residue numbers of human
YB-1 CSD. Residues involved in ssDNA binding in our structure are boxed and labeled in red, and the conserved residues are labeled in red.

It has been reported that YB-1 binds to a variety of
DNAs and RNAs including specific and non-specific sub-
strates. The specific binding is mediated by the CSD and
the non-specific binding by the CTD. Our ssDNA binding
results demonstrate that YB-1 can recognize a wider
range of DNA sequences than previously thought. CACC,
CATC, CAAC, Y-box and CAGC motifs are all potential
targets of YB-1. In addition, CACC, CAGC and CAAC
are all found in RNA targets of YB-1, suggesting that YB-1
CSDex binds to similar sequences of DNAs and RNAs.
Analysis of the gene promoters regulated by YB-1 reveals
that they all contain one or more such motifs. For in-
stance, MDR1 gene promoter contains CACC and CAGC,
(5′-TGCCCAGCCAATCAGCCTCACCACAG-3′) (13),
EGFR contains CAAC and CAGC (5′-ATGTTTA
TTGCAACCAGCCATGGGTACTTTGAAGCCAA
TGTGTGAA-3′) (14) and MYC gene contains CACC
(5′-CCTTCCCCACCCTCCCCACCCTCCC-3′) (16).
Besides ssDNAs with a CACC motif, we have observed
that a dsDNA with a CACC motif binds to YB-1 CSDex
more strongly than the Y-box (Supplementary Figure S8).
This indicates CACC would be a more potential target of
YB-1 than Y-box. Apart from the core motif, the context
sequence of a DNA also affects the binding affinity as
shown here. This provides a guide for future search for
potential targets of YB-1 CSD.

The phosphorylation of S102 plays an important role in
YB-1 regulation of DNA transcription and RNA transla-
tion. But the molecular mechanism has been unclear until
this study. CSDex adopts only a folded conformation, but
PS102 and point mutants S102A, S102D and S102E each
exist in dynamic equilibrium between folded and locally un-
folded conformations. The result shows the hydroxyl group
of S102 plays a critical role in stabilizing CSDex likely
through hydrogen bonding. Although our NMR structure
is not accurate enough to specify sidechain hydrogen bonds,
the crystal structure of the zebrafish CSD/RNA complex
(PDB ID: 6A6J) shows the presence of a hydrogen bond
between the sidechain OH of S82 (equivalent to human
YB-1 S102) and the backbone NH of S116 (equivalent to
human YB-1 S136) located at the C-terminal extension.
Thus, phosphorylation of S102 disrupts its hydrogen bond-
ing with the residue in the C-terminal extension (S136), re-
sulting in conformational changes in the regions close to
S102, and in turn destabilizing the CSDex. The conforma-
tional changes are evidenced from the differential NMR
spectra of the phosphorylated and non-phosphorylated CS-
Dex (Figure 5), including residues perturbed by the phos-
phorylation, which are located mainly in the C-terminal ex-
tension and loop34. The structural changes make the phos-
phorylated form less compatible to ssDNAs than the non-
phosphorylated form. Consequently, the phosphorylation
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causes dramatic reduction of the affinity of YB-1 to ssD-
NAs.

Our results argue that YB-1 can bind to ssDNA, dsDNA
and RNA, while the phosphorylation reduces significantly
its binding affinity. Consistent with this, previous studies
have shown that phosphorylation of YB-1 can activate gene
translation in the cytoplasm by releasing the bound mR-
NAs from YB-1 (27–29). However, how phosphorylation
mediates gene transcription in the nucleus is disputable. YB-
1 can act as an activator to promote gene transcription or
as a repressor to repress gene transcription in the nucleus
(2). Previous studies found that the phosphorylation of YB1
at S102 by AKT and RSK allows it to shuttle into the nu-
cleus, enhances its binding to the promoters of some genes,
and stimulates gene transcription by an unknown mecha-
nism (2,52). On the other hand, it was also reported that
acute stimulation of YB-1 phosphorylation does not pro-
mote YB-1 nuclear translocation (25) and both phospho-
rylated and non-phosphorylated YB-1 can be detected in
the nucleus (53). Contrary to the reports that phosphory-
lation of YB-1 promotes its binding to DNA, the study
on mouse MSY3 (YB-3) showed that phosphorylation de-
creases its binding to DNA (54). MYS3 is a close family
member of YB-1. MYS3 CSDex shares 94% sequence iden-
tity with human YB-1 CSDex and can be phosphorylated
by AKT at the same serine residue as human YB-1. MSY3
represses myogenin transcription and forced phosphoryla-
tion of MSY3 reduces its occupancy at the myogenin pro-
moter, leading to myogenin up-regulation. Consistently, in
vitro MSY3 can bind strongly to DNA, while its phosphory-
lation by AKT reduces the binding. These results agree with
our study that the binding of YB-1 CSDex to DNA is re-
duced by phosphorylation. Taken together, we propose that
phosphorylation of YB-1 affects gene transcription condi-
tionally. When YB-1 acts as an activator through its bind-
ing to gene promoters, phosphorylation of YB-1 will reduce
the binding and decrease the transcription; when YB-1 acts
as a repressor through its binding to gene promoters, the
phosphorylation will release the bound DNA to stimulate
the transcription. To clarify the biological function of phos-
phorylated YB-1 in the nucleus, further study is needed.
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