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ABSTRACT

Basic side chains play major roles in recognition of
nucleic acids by proteins. However, dynamic proper-
ties of these positively charged side chains are not
well understood. In this work, we studied changes in
conformational dynamics of basic side chains upon
protein–DNA association for the zinc-finger protein
Egr-1. By nuclear magnetic resonance (NMR) spec-
troscopy, we characterized the dynamics of all side-
chain cationic groups in the free protein and in the
complex with target DNA. Our NMR order parameters
indicate that the arginine guanidino groups interact-
ing with DNA bases are strongly immobilized, form-
ing rigid interfaces. Despite the strong short-range
electrostatic interactions, the majority of the basic
side chains interacting with the DNA phosphates ex-
hibited high mobility, forming dynamic interfaces. In
particular, the lysine side-chain amino groups exhib-
ited only small changes in the order parameters upon
DNA-binding. We found a similar trend in the molecu-
lar dynamics (MD) simulations for the free Egr-1 and
the Egr-1–DNA complex. Using the MD trajectories,
we also analyzed side-chain conformational entropy.
The interfacial arginine side chains exhibited sub-
stantial entropic loss upon binding to DNA, whereas
the interfacial lysine side chains showed relatively
small changes in conformational entropy. These data
illustrate different dynamic characteristics of the in-
terfacial arginine and lysine side chains.

INTRODUCTION

DNA recognition by proteins is vital for gene expression,
DNA replication and repair. Three-dimensional (3D) struc-
tures of protein–DNA complexes show that basic side
chains play important roles through electrostatic interac-

tions with DNA phosphates as well as hydrogen-bonding
with DNA bases (1–3). Thermodynamic studies also indi-
cate the importance of interfacial basic side chains: they
form ion pairs with DNA phosphate groups and cause re-
lease of condensed counterions from DNA, which is a driv-
ing force for many protein–DNA association processes (4–
6).

Despite the importance of the basic side chains, their dy-
namic properties have not been well studied by experimen-
tal means. Although some studies by nuclear magnetic res-
onance (NMR) spectroscopy show significant roles of con-
formational entropy in macromolecular recognition and as-
sociation (7–9), such investigations typically probe the dy-
namics of backbone NH or side-chain CH3 groups only. For
side chains that form hydrogen bonds and/or ion pairs, the
dynamic properties and their entropic roles remain largely
unknown. This represents a bottleneck to thoroughly un-
derstand molecular recognition of nucleic acids by proteins,
where a large number of intermolecular hydrogen bonds
and electrostatic interactions are involved.

From this perspective, we conduct a comparative study
on the conformational dynamics of arginine (Arg) and ly-
sine (Lys) side chains of the DNA-binding domain of Egr-1
(also known as Zif268) in the free state and in the complex
with target DNA. This protein recognizes the target 9-bp
DNA sequence via three Cys2His2-class zinc fingers with
high affinity (10). For the Egr-1 DNA-binding domain, the
dissociation constant of the specific DNA complexes ranges
from 10−11 M to 10−8 M, depending on ionic strength (11–
13). In the brain, Egr-1 is induced by synaptic signals and
activates genes for long-term memory formation and con-
solidation (14,15). In the cardiovascular system, Egr-1 is a
stress-inducible transcription factor that activates genes for
initiating defense responses against vascular stress and in-
jury (16,17). The Egr-1–DNA interactions were extensively
characterized in previous biophysical and biochemical stud-
ies (12,13,18–21) and high-resolution crystal structures are
available for the Egr-1–DNA complexes (22–24). The inves-
tigations at an atomic level are important particularly be-
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Figure 1. The Egr-1 (Zif268) zinc-finger (ZF)–DNA complex studied in
this work. The structure shown is PDB ID: 1AAY (22). The 12-bp DNA
duplex contains the target sequence (red) recognized by Egr-1. The ZF
domains contain 15 Arg and 6 Lys side chains, which are shown in purple
and blue, respectively. The residue numbering schemes are according to
Pabo etal. (10,22).

cause Egr-1 (Zif268) has been used as a major scaffold for
zinc-finger (ZF) technology for artificial gene editing and
regulation (25–27).

In this work, we investigate the internal motions of Lys
side-chain NH3

+ and Arg guanidino N�-H� moieties in the
free and DNA-bound states using NMR spectroscopy and
examine changes in mobility of each basic side chain upon
Egr-1’s binding to the target DNA. The ZF DNA-binding
domain of Egr-1 contains 21 basic side chains (15 Arg and
6 Lys residues), 15 of which interact with DNA (Figure
1). The cationic groups exhibit well-isolated NMR signals
in 1H-15N heteronuclear correlation spectra for both the
free protein and the complex. Thus, this system provides an
opportunity for in-depth investigations on dynamic behav-
ior of each basic side chain in the DNA recognition pro-
cess. Our NMR data provide comprehensive experimental
data on changes in conformational dynamics of basic side
chains upon protein–nucleic acid association. In conjunc-
tion with NMR, we also use molecular dynamics (MD) sim-
ulations to gain deeper insight into the side-chain dynam-
ics and conformational entropy in the protein–DNA asso-
ciation process. Characteristic differences between Arg and

Lys side chains in DNA recognition dynamics become evi-
dent through these experimental and computational inves-
tigations.

MATERIALS AND METHODS

Protein and DNA preparation

The Egr-1 ZF protein comprised of three zinc fingers (hu-
man Egr-1 residues 335–423) was prepared as described pre-
viously. 15N or 13C/15N labeled proteins were expressed in
Escherichia coli strain BL21 (DE3) cultured in minimal me-
dia containing ammonium chloride and glucose as sole ni-
trogen and carbon sources. The unlabeled 12-bp DNA du-
plex of dAGCGTGGGCGAT and dATCGCCCACGCT
(underline, the Egr-1 recognition site) was chemically syn-
thesized and purified as described (28). NMR samples of
the Egr-1–DNA complex were 370-�l solutions containing
0.4 mM protein and 0.6 mM DNA in a buffer of 20 mM
potassium succinate (pH 5.8), 20 mM KCl, 0.1 mM ZnCl2.
Based on the dissociation constant of this complex (12) and
the concentrations of Egr-1 and DNA, more than 99.9% of
the protein is expected to be in the DNA-bound state under
the buffer conditions used. NMR samples of the free pro-
tein (0.4 mM) were prepared with the same buffer composi-
tions. Each sample was sealed in a Norell co-axial tube (di-
ameter, 5 mm) in which D2O for the NMR lock is separately
sealed into the inner stem (diameter, 2 mm) to avoid isotope
shifts and broadening of 15N resonances due to hydrogen-
deuterium exchange (29).

NMR experiments

NMR experiments were performed with Bruker Avance III
NMR spectrometers operated at a 1H frequency of 600, 750
or 800 MHz. The 600 and 800-MHz spectrometers were
equipped with a cryogenic probe, whereas the 750-MHz
spectrometer was equipped with a room-temperature probe.
All NMR data were processed with the NMR-Pipe pro-
gram (30) and analyzed with the NMR-View program (31).
For both the free and DNA-bound proteins, backbone 1H,
13C, and 15N resonances were assigned using 3D HNCO,
HN(CA)CO, HN(CO)CA, HNCA, CBCA(CO)NH, HN-
CACB and HBHA(CO)NH spectra (32). Side-chain 1H and
13C resonances were assigned using 3D HCCH-TOCSY,
HCCH-COSY, H(CCO)NH and C(CO)NH spectra (32).
These experiments for resonance assignment were per-
formed at 35◦C for the complex and at 25◦C for the free
proteins. Arg side-chain 15N� and 1H� resonances were
assigned using broadband HNCACB and 3D 15N-edited
NOESY spectra, as described (33). Lys side-chain NH3

+

resonances were assigned using Lys-selective 2D HISQC,
H2(C)N, (H2C)N(CC)H-TOCSY, 3D H3NCECD and 3D
H3NCG spectra, as described (34). The 1H, 13C and 15N
resonance assignment data were deposited to Biological
Magnetic Resonance Data Bank: the accession numbers are
26808 for the DNA-bound protein and 26807 for the free
protein.

To determine the rotational diffusion parameters, the
backbone 15N R1 and R2 relaxation rates at the 1H fre-
quency of 800 MHz were measured for the free protein at
5◦C and 25◦C and for the complex at 10◦C and 25◦C.
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The 15N relaxation experiments for Arg N�-H� groups
were performed with the pulse sequences for NH groups to-
gether with selective 15N rSNOB 180◦ pulses (1.0 ms) (35)
in the INEPT schemes. By using 15N carrier position set to
81 ppm together with these selective pulses, the Arg N�-H�

resonances were selectively observed in these 15N relaxation
experiments. For Arg N�-H� groups, 15N R1 and heteronu-
clear NOE data were recorded at the 1H frequencies of 750
and 600 MHz and 15N R2 data were recorded at the 1H fre-
quency of 750 MHz. 15N R2 relaxation dispersion experi-
ment for Arg 15N� nuclei was performed at the 1H frequency
of 750 MHz using the CW-CPMG scheme (36) with the
CPMG frequencies (νCPMG) of 33, 67, 100, 200, 333, 500,
667, 1000, 1333 and 1667 Hz. The Arg relaxation experi-
ments were carried out at 25◦C for both the free protein and
the complex.

The Lys NH3
+ relaxation experiments were performed as

described in our previous publications (18,37–41). For Lys
NH3

+ groups, 15N R1 and heteronuclear NOE data were
recorded at the 1H frequencies of 800 and 600 MHz and
15N R2 data were recorded at the 1H frequency of 800 MHz.
Lys 15N R2 relaxation dispersion experiment (38) was per-
formed at the 1H frequency of 800 MHz with the CPMG
frequencies of 33, 67, 100, 200, 333, 500, 667, 1000, 1333
and 1667 Hz. These measurements for the complex were
conducted at 10◦C under the above-mentioned buffer con-
ditions. The Lys 15N relaxation experiments for the free pro-
tein were conducted at 5◦C and pH 5.0. The lower temper-
ature and pH were necessary to mitigate broadening of the
Lys NH3

+ signals due to rapid hydrogen exchange (38,39).
On the other hand, the use of 5◦C was difficult for the com-
plex because of the poor quality of backbone relaxation
data at that temperature. So, we used different temperatures
(10 versus 5◦C) in the Lys side-chain 15N relaxation exper-
iments for the complex and for the free protein. Judging
from our previous temperature-dependence study on the in-
ternal motions of Lys NH3

+ groups (41), the use of these
different temperatures does not significantly interfere with
comparative analysis of the NH3

+ order parameters. To de-
tect hydrogen-bond scalar coupling between Lys NH3

+ and
DNA phosphate groups, the two-dimensional H3(N)P ex-
periment was performed for the complex at 10◦C using a
cryogenic QCI-P (1H, 13C, 15N and 31P) probe at the 1H-
frequency of 600 MHz, as described (37).

15N relaxation data analysis

Rotational diffusion parameters (D||, D⊥ and two polar an-
gles for the main principal axis) for the axially symmetric
diffusion model (42) were determined from the backbone
15N relaxation data using a C program together with GNU
Scientific Library, as described (43,44). The effective rota-
tional correlation time τ r,eff and the anisotropy of the rota-
tional diffusion r are given by (2D|| + 4D⊥)−1 and D|| / D⊥,
respectively (42). For the free protein, this calculation was
performed separately for the three ZF domains because they
tumble almost independently in the free state. Using MAT-
LAB software, the order parameters for Arg N�-H� groups
were calculated from the relaxation data at the two magnetic
fields. The 15N chemical shift anisotropy parameter (σ || -
σ⊥) for arginine side-chain 15N� nuclei was set to −114 ppm

and the N�-H� distance was set to 1.04 Å according to Tr-
bovic et al. (45). Four spectral density functions were tested
for each Arg N�-H� group: two of them were the model-free
functions of Lipari and Szabo (Equations. 35 and 43 in Ref.
(46)) and the others were the extended model-free functions
of Clore et al. (Equations 2 and 4 in Ref. (47) multiplied by
2/5). The best model among the four spectral density func-
tions was selected using Akaike’s information criterion cal-
culated for each model (48). Using Mathematica software,
the order parameters for Lys side-chain NH3

+ groups were
calculated from the 15N relaxation data at the two magnetic
fields, as previously described in detail by Esadze et al. (38).

Molecular dynamics simulations

MD simulations of the Egr-1–DNA complex and the free
Egr-1 solvated with TIP3P water molecules were performed
using NAMD 2.9 software (49) with CHARMM27 all-
atom force fields parameters (50–52), as previously de-
scribed (18). The 1.6 Å resolution crystal structure of the
Egr-1–DNA complex (PDB ID: 1AAY) (22) was used for
initial structures. For each system, the macromolecule was
solvated in a box of TIP3P water molecules of suitable di-
mensions: 69.0 × 73.0 × 74.0 Å3 (the complex) and 85.8 ×
89.3 × 91.3 Å3 (free protein). For the free protein, a larger
water box was introduced to ensure all possible conforma-
tional states are sufficiently solvated, as the inter-domain
displacement became increasingly extended in the first 100
ns from the initial compact structure. For zinc-coordinating
cysteine residues, the parameters of the deprotonated thio-
late moieties were taken from Foloppe et al. (53). The pa-
rameters for the zinc ions were set based on the hydration
free energy parameter set of Merz et al. (54). The tautomeric
state with protonated N�1 and deprotonated N�2 atoms was
used for zinc-coordinating histidine residues. The protona-
tion states of other titratable residues were assigned accord-
ing to their standard protonation states at pH 7.0. The Na+

and Cl− ions were randomly added to neutralize the system
at the salt concentration of 0.15 M. Particle Mesh Ewald
was used to calculate long-range electrostatic interactions,
and van der Waals interactions were truncated at 12 Å.
All bonds were constrained using the SETTLE algorithm
with a time step of 2 fs. Temperature was controlled with
Langevin dynamics with a damping coefficient of 5 ps−1.
The Nosé-Hoover method with a Langevin piston was used
to maintain a pressure of 1 atm with an oscillation period
of 100 fs and a damping time of 50 fs. After energy mini-
mization, the systems were first heated from 25 K to 298 K
with restraints on the C� atom of the protein in the NVT en-
semble, and then were switched to the NPT ensemble. The
trajectory was saved at an interval of 0.1 ps, and was con-
tinued up to 600 ns for the complex and ∼700 ns for the free
protein. For the free protein, the last 600 ns were used for
analysis.

Computation of Lys/Arg order parameters and conforma-
tional entropies from MD trajectories

Order parameters for Arg N�-H� and Lys C�-N� bond vec-
tors were calculated from the MD trajectories using the
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auto-correlation function for internal motions (46,55)

CI (t) = 〈P2[μ(t0 + t)μ(t)]〉, (1)

where μ(t0)�(t0 + t) is the projection of a unit vector point-
ing along a bond vector at time t0 onto itself at time t0 +
t; P2(x) = (3x2 – 1)/2, is the second Legendre polynomial;
and the brackets denote a time average over the trajectory.
The trajectory frames were first superimposed onto a refer-
ence to remove the effects of overall tumbling. For the free
Egr-1 protein, the reference frame was individually defined
for each ZF domain because the three ZF domains exhibit
virtually independent domain motions (56). For the com-
plex, the reference frame for the auto-correlation function
was defined with principal axes of the complex. The time de-
pendence of the autocorrelation for the reorientational mo-
tion was analyzed with Clore’s extended model-free auto-
correlation function (47):

CI (t) = S2 +
(

1 − S2
f

)
exp(−t/τ f ) +

(
S2

f − S2
)

exp(−t/τi ) (2)

where Sf
2 and τ f are the amplitude and correlation time due

to fast librational motion, S2 and τ i are the order parameter
and correlation time of the reorientational motion of a bond
vector.

Lys and Arg side-chain conformational entropies were
calculated from the distributions of the dihedral angles sam-
pled during the simulations (45,57):

Scon f = −R
∫

P( �χ )lnP( �χ )d �χ, (3)

where R is the gas constant; and P( �χ ) is the probability den-
sity as a function of the dihedral angles � 1, � 2, � 3 and � 4 of
each Arg or Lys side chain. The dependence of the entropies
on the bin size of the integral mesh was tested and 5◦ was
chosen. The bin size of the integral mesh has an effect on the
absolute entropy, but not on the change in conformational
entropy upon complex formation.

RESULTS

We compare the dynamics of basic side chains of the Egr-
1 (Zif268) ZF protein in the free state and in the complex
with a 12-bp DNA duplex containing the target sequence.
In our previous study, we analyzed the dynamics of Lys
side chains in the Egr-1–DNA complex (18). In the current
study, we conduct the dynamics investigations for the Arg
side chains in the free protein and in the complex as well
as for the Lys side chains in the free protein. These data al-
low us to investigate changes in mobility of each basic side
chain upon Egr-1’s binding to the target DNA. In the fol-
lowing description of the Egr-1 ZF and the DNA duplex,
we adopt the residue-numbering schemes shown in Figure
1, as previously defined by Pabo et al. (10,22).

NMR spectra for side-chain cationic groups of the free pro-
tein and the complex

As shown in Figure 2A and B, the Lys NH3
+ and Arg N�-H�

groups of Egr-1 exhibit well-dispersed signals in the 1H-15N
heteronuclear in-phase single quantum coherence (HISQC)
spectra for both free and DNA-bound states. For both Arg

N�-H� and Lys NH3
+ groups, the complex exhibited wider

distributions in 15N and 1H chemical shifts, presumably
due to formation of hydrogen bonds and/or ion pairs with
DNA. The observation of well-isolated signals for the free
and DNA-bound states under the identical (for Arg) or sim-
ilar (for Lys) conditions allowed us to study the change in
dynamics of basic side chains upon DNA-binding.

15N relaxation data of basic side chains

We measured 15N relaxation of Arg N�-H� and Lys NH3
+

groups of the free and DNA-bound Egr-1 ZFs. The re-
laxation experiments for Arg side chains were conducted
at the 1H frequencies of 750 and 600 MHz; and those for
Lys side chains were conducted at 800 and 600 MHz. The
relaxation parameters measured for the Arg and Lys side
chains are shown in Supplementary Tables S1, 2 and 3 in
the Supplementary Data. Figure 2C shows the 15N longi-
tudinal and transverse relaxation data and best-fit curves
for R42 and K79 side chains in the free protein and in the
complex, as typical examples. Despite the smaller molecu-
lar size of the free protein, precision in the Lys NH3

+ relax-
ation measurements for the free protein was slightly worse
than that for the complex, presumably due to the faster hy-
drogen exchange rates. The 15N relaxation data for the free
protein and the complex were clearly different due to differ-
ent molecular rotational correlation times as well as due to
changes in internal motions of the side chains upon Egr-1
binding to DNA.

Slow side-chain dynamics detected by CPMG relaxation dis-
persion experiment

To detect slow dynamics on a �s–ms timescale and analyze
their contribution (Rex) to 15N R2 relaxation rates, we con-
ducted 15N R2 CPMG relaxation dispersion experiments for
Arg 15N� and Lys 15N� nuclei. As shown in Figure 2D, the
CPMG R2 relaxation dispersion data for Arg 15N� and Lys
15N� nuclei showed that R80 and K61 undergo slow dynam-
ics in the complex. By applying the two-state fast-exchange
model of Loria et al. (i.e. Equation 2 in Ref. (58)) to these
data, the exchange rates for R80 and K61 were calculated
to be (0.8 ± 0.4) × 103 s−1 and (1.8 ± 0.5) × 103 s−1, re-
spectively. Interestingly, both of these two side chains inter-
act with the Gua2 nucleotide residue. Because terminal base
pairs of DNA are know to fray and transiently break the
inter-base hydrogen bonds (59), the adjacent Gua2 residue
as well as the interacting protein side chains might be influ-
enced by the fraying events. For these residues in the com-
plex, the exchange contribution to R2 relaxation rates were
subtracted from the observed R2 in the subsequent analysis
of the side-chain order parameters. For the other residues,
the Arg and Lys relaxation dispersion data did not show any
evidence of slow dynamics.

Order parameters for the Arg and Lys cationic groups

Using the 15N relaxation data at two magnetic fields, we
determined the order parameters for Arg N�-H� and Lys
NH3

+ groups of the free Egr-1 protein and the Egr-1–DNA
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complex. For this analysis, the molecular rotational diffu-
sion parameters were determined from backbone 15N re-
laxation rates R1 and R2 together with the 1.6-Å-resolution
crystal structure of the complex (PDB ID: 1AAY). The rota-
tional diffusion parameters determined for the free protein
and the complex are summarized in Supplementary Table
S4 in the Supplementary Data. For the free protein, these
parameters were calculated individually for each ZF do-
main, because the three ZF domains tumble almost inde-
pendently in the free state, as reported for a similar protein
involving three Cys2His2-class zinc fingers (56). The side-
chain 15N relaxation data together with the rotational dif-
fusion data were used to determine the order parameters
of the Arg N�-H� and Lys NH3

+ groups in the free protein
and in the protein–DNA complex. Table 1 lists the order
parameters determined for the Arg and Lys side chains. In
the following three subsections, we describe changes in mo-
bility of these side chains upon Egr-1’s binding to DNA.
We categorize the basic side chains into three classes: (i)
those that electrostatically interact with DNA backbone;
(ii) those that interact with DNA bases; and (iii) those out-
side the protein–DNA interfaces.

Change in mobility of basic side chains that electrostatically
interact with DNA phosphates

The crystal structures of the Egr-1–DNA complexes (10,22)
show short-range electrostatic interactions with the DNA
backbone for seven Arg side chains (R3, R14, R27, R42,
R55, R70 and R78) and three Lys side chains (K33, K61
and K79). Changes in the order parameters of these cationic

Table 1. Order parameters determined for Arg N�-H� groupsa and Lys
NH3

+ groupsb of Egr-1 in the free and DNA-bound states by NMR

Side chains S2 (free protein) S2 (complex)

Electrostatically interact with DNA phosphates
R3 0.215 ± 0.021 0.393 ± 0.009
R14 0.370 ± 0.018 0.292 ± 0.004
R27 0.220 ± 0.010 0.883 ± 0.016
R42 0.386 ± 0.023 0.666 ± 0.010
R55 0.241 ± 0.013 0.899 ± 0.021
R70 0.339 ± 0.027 0.302 ± 0.006
R78 0.399 ± 0.195 0.630 ± 0.025
K33 0.314 ± 0.008 0.378 ± 0.003c

K61 0.332 ± 0.011 0.335 ± 0.003c

K79 0.276 ± 0.024 0.258 ± 0.005c

Interact with DNA bases
R18 0.295 ± 0.010 0.968 ± 0.020
R24 0.245 ± 0.018 0.968 ± 0.033
R46 0.454 ± 0.022 0.962 ± 0.023
R74 0.306 ± 0.012 0.908 ± 0.039
R80 0.238 ± 0.034 0.897 ± 0.015
Outside the interfaces
R15 0.462 ± 0.027 0.351 ± 0.004
R38 0.228 ± 0.010 0.108 ± 0.002
R87 0.132 ± 0.024 0.085 ± 0.003
K71 0.279 ± 0.005 0.219 ± 0.003c

K83 0.249 ± 0.024 0.322 ± 0.006c

K89 0.134 ± 0.003 0.075 ± 0.003c

aOrder parameters were determined from 15N relaxation data at 1H-
frequencies of 750 and 600 MHz. Arg side-chain 15N relaxation param-
eters are reported in Supplementary Table S1.
bOrder parameters S2 for the NH3

+ symmetry axis (i.e. the C�-N� bond
vector) were determined from 15N relaxation data at 1H-frequencies of 800
and 600 MHz. Lys side-chain 15N relaxation parameters are reported in
Supplementary Table S2.
cThe Lys NH3

+ order parameters for the complex are from Ref. (18).

Figure 2. Arg and Lys side-chain heteronuclear 1H-15N correlation spectra recorded for the free Egr-1 and for the Egr-1 ZF DNA complex. (A) Lys NH3
+-

selective 1H-15N heteronuclear in-phase single-quantum coherence (HISQC) spectra (29) recorded for the free and DNA-bound Egr-1 proteins. (B) Arg
N�-H� selective 1H-15N HISQC spectra. (C) Examples of 15N longitudinal and transverse relaxation data. Data for the K79 NH3

+ and R42 N�-H� groups
are shown. Data for the free protein and for the complex are shown with open and closed circles, respectively. (D) CPMG R2 relaxation dispersion data
for R80 15N� and K61 15N� nuclei of the complex.
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groups upon Egr-1’s binding to DNA are shown in red in
Figure 3A and B. The majority of Arg side chains (i.e. R3,
R27, R42, R55 and R78) showed a large increase (by >0.1)
in the N�-H� order parameter upon the complex formation,
indicating that these side-chains become significantly less
mobile due to the interactions with DNA. Interestingly, all
Lys NH3

+ groups and 2 Arg N�-H� groups (R14 and R70)
showed no or only marginal changes in their order parame-
ters upon Egr-1’s binding to DNA, indicating that the side
chains retain high mobility even in the complex. For K79,
a 1H-31P heteronuclear correlation cross peak arising from
the hydrogen-bond scalar coupling between the 31P and 15N
nuclei was clearly observed in the H3(N)P spectrum (Figure
3C), indicating the presence of the contact ion pair (CIP) of
this side chain and DNA phosphate. Perhaps surprisingly,
the K79 NH3

+ group exhibits virtually no change in the or-
der parameter upon DNA-binding, despite the presence of
the CIP state in the complex. This high mobility is likely
due to the dynamic equilibria between the CIP and solvent-
separated ion-pair states (4,18).

Change in mobility of basic side chains that interact with
DNA bases

In the crystal structures of the Egr-1–DNA complexes, 5
Arg side chains (R18, R24, R46, R74 and R80), but no Lys
side chain directly interact with DNA bases. Changes in the
N�-H� order parameters for these Arg side chains are shown
in magenta in Figure 3A. The guanidino groups of these
Arg side chains form two hydrogen bonds with a guanine
base for each (Gua10, Gua8, Gua7, Gua4 and Gua2, re-
spectively; see Figure 3), representing the canonical pattern
of guanine recognition by Arg side chain (1,60). Upon for-
mation of the complex with DNA, these Arg side chains ex-
hibited a substantial increase (by >0.5) in the N�-H� order
parameter S2, indicating that their mobility is substantially
restricted by the interactions with DNA. This strong immo-
bilization is likely due to the two hydrogen bonds at distinct
N atoms of the guanidino groups as well as the cation–�
interaction (61) with the adjacent base aromatic ring onto
which the cationic group stacks.

In addition to the hydrogen bonds with guanine bases,
R18, R46 and R74 side chains also form two more hydro-
gen bonds with an aspartate side chain (i.e. D20, D48 and
D76, respectively) (see the scheme in Figure 3). As rigidifi-
cation of a ligand often increases binding affinity through a
decrease in entropic loss upon complex formation (62,63),
one might consider that the role of the auxiliary Asp-Arg
ion-pair formation at the interface with DNA bases might
be to rigidify the Arg side chains to the active conformation
in the free protein. However, our NMR data suggest that
this is not the case. In fact, the order parameters indicate
that R18, R46 and R74 side chains are mobile in the free
state (see Table 1).

Changes in mobility of basic side chains outside the protein–
DNA interfaces

In the crystal structures, R15, R38, K71, K83, R87 and
K89 are located outside the protein–DNA interfaces and do
not directly interact with DNA. Binding-induced changes

in the order parameters of these side chains are shown in
blue in Figure 3A and B. Egr-1’s binding to DNA did not
give a significant impact on mobility for a majority of these
side chains (i.e. K71, K83, R87 and K89). This is reason-
able because they are far from the binding interfaces. Upon
binding, R15 and R38 side chains became slightly (but to
a statistically significant degree) more mobile. The reason
for this mobility is unclear, but might be related to con-
formational changes of nearby residues. It should be noted
that binding-induced enhancement of mobility were previ-
ously reported for backbone amide and side-chain methyl
groups of other proteins (e.g. Refs. (9,43,64)). The increase
in mobility may partially compensate the entropic loss aris-
ing from immobilization of many interfacial side chains.

Comparison with MD simulations

To gain more insight into the side-chain dynamics of Arg
and Lys residues, we analyzed dynamic behavior of each ba-
sic side chain from the MD simulations. Because we previ-
ously obtained a 600-ns MD trajectory for the Egr-1–DNA
complex (18), we carried out a corresponding MD simula-
tion of the same length for the free protein in this study.
The MD trajectories provide atomic details of side-chain
motions and show the contribution from transient interac-
tions, which are not seen in the crystal structures. The direct
contacts of these Arg and Lys side chains are summarized
in Supplementary Table S5. The mean lifetimes of the direct
contacts between the protein and DNA are on the pico to
nano-second timescale (see Supplementary Table S6). Arg
is much stronger than Lys in participating in direct contacts
with the DNA. In addition, based on electrostatic interac-
tions with the phosphate groups of the DNA, the mean life-
times of the direct contact of Arg appear longer than Lys,
which also indicates that these Arg side chains are less dy-
namic than Lys upon the complex formation.

Using the MD trajectories, we also calculated the order
parameters for Arg N�-H� and Lys C�-N� bond vectors in
the free and DNA-bound states of Egr-1. Values of the MD
order parameters for Arg and Lys side chains are shown
in Supplementary Table S7. Figure 4A shows the correla-
tion between binding-induced changes in NMR and MD
order parameters. As seen in the results of NMR-based or-
der parameters, the results from the MD trajectory showed
a similar trend with relatively large changes in Arg N�-H�

order parameters and with relatively small changes in Lys
C�-N� order parameters. R24, R27 and R80 gave outliers in
the correlation between the experimental data and compu-
tation (Figure 4A). For these side chains, although NMR
data show a significant increase in N�-H� order parame-
ter (i.e. immobilization), the MD simulations show a sig-
nificantly smaller change. Interestingly, however, even for
R24 and R80, the conformational entropy of a whole side
chain (not just N�-H�) showed substantial decreases upon
the complex formation (see the following subsection), and
in this sense, the computational data were consistent with
the experimental observation of the immobilization. The
lower MD-derived order parameter of R80 in the complex
could be due to the lack of appropriate representation of
cation–� interactions in the classical MD force field (as dis-
cussed by Schulten et al. in Ref. (61)) and/or to fraying of
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Figure 3. Binding-induced changes in mobility for the Arg N�-H� and Lys NH3
+ groups. (A) Changes in the Arg N�-H� order parameters upon Egr-1’s

binding to DNA. (B) Changes in the Lys NH3
+ order parameters upon Egr-1’s binding to DNA. Red, side chains that form intermolecular ion pairs with

DNA phosphates; magenta, side chains that form contacts with DNA bases; and blue, side chains located outside the protein–DNA interfaces. (C) The
H3(N)P spectrum (37) recorded for the Lys NH3

+ groups of the complex, which indicates the presence of the contact ion pair formed by K79 and DNA
phosphate. The 31P chemical shift is referenced to trimethyl phosphate.

the terminal AT base pair. The intermittent breaking of hy-
drogen bonds and opening of the terminal base pair have
been observed and studied by NMR (59), time-resolved
Stokes shifts (65) and computer simulations (66). For R24
and R27, the MD-derived order parameters in the free state
were significantly larger than those determined by experi-
ment. This might be related to sampling errors, i.e. lack of
convergence of time correlation function due to insufficient
conformational/configurational sampling. Long time con-
vergence (100’s of ns) of simulations are important for sta-
tistical agreement with experimental data for processes on a
nanosecond timescale (67). Nonetheless, Figure 4A shows
a good correlation between the computational and exper-
imental data for the majority of the basic side chains (18
out of 21), for which the root mean squared difference was
0.19. This supports reliability of the model simulations and
justifies further analysis.

Loss in side-chain conformational entropy of each basic
residue upon binding

While the order parameters of Arg N�-H� and Lys NH3
+

groups provide information on dynamics of individual side-
chain cationic groups, these NMR data do not necessar-
ily reflect mobility in the other parts of Arg and Lys side
chains. There are some theoretical models for the relation-
ship between NMR order parameters and conformational
entropy (68–70). However, it was proposed that side-chain
conformational entropy is not necessarily predictable from
NMR order parameters for terminal moieties of long side
chains alone because middle parts of the same side chains
could remain mobile even if the termini are immobilized
(45,71). Since the changes in MD-based order parameters

for the cationic moieties were qualitatively consistent with
experimental data, we examined Arg and Lys side-chain
conformational entropies for the free protein and for the
complex using the MD trajectories. To assess the thermody-
namic consequences of immobilizing the side-chain cationic
groups upon DNA-binding, we calculated side-chain con-
formational entropy for each basic side chain from the
MD trajectories (individual values are reported in Supple-
mentary Table S8 in the Supplementary Data). Figure 4B
shows the computed changes in side-chain conformation
entropy upon Egr-1’s binding to the target DNA. The non-
interfacial Arg and Lys side chains showed only marginal
changes in conformational entropy. In contrast, many in-
terfacial Arg side chains exhibited significant loss of con-
formation entropy by ∼8–19 J/mol/K upon protein–DNA
association. However, the corresponding entropic loss was
smaller for interfacial Lys side chains: K33 and K61 exhib-
ited virtually no loss and K79 exhibited an entropic loss of
8.1 J/mol/K. Thus, these entropic data also illustrate differ-
ent characteristics of the interfacial Arg and Lys side chains.

DISCUSSION

Rigid and dynamic interfaces via basic side chains

This study demonstrates the diverse dynamic properties of
the protein–DNA interfaces via basic side chains. The Arg
side chains interacting with DNA bases are strongly immo-
bilized and form rigid interfaces. In contrast, despite the
strong short-range electrostatic interactions, the majority of
the basic side chains interacting with the DNA phosphates
are relatively mobile and form dynamic interfaces. In partic-
ular, Lys side-chain NH3

+ groups retain high mobility even
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Figure 4. MD trajectory analysis of binding-induced changes in confor-
mational dynamics of the Arg and Lys side chains. (A) Comparison of the
MD-derived and NMR-derived changes in Arg and Lys side-chain order
parameters upon Egr-1’s binding to DNA. Data points for Arg and Lys
side chains are shown in open and closed circles, respectively. Uncertainties
in the NMR-derived changes are shown in Figure 3A and B. (B) Binding-
induced changes in Arg and Lys side-chain conformational entropies. Each
entropy value was calculated from the probability distributions of the di-
hedral angles χ1, χ2, χ3 and χ4 in the MD trajectories for the free protein
and the Egr-1–DNA complex. Red, side chains that form intermolecular
ion pairs with DNA phosphates; magenta, side chains that contact with
DNA bases; blue, side chains located outside the protein–DNA interfaces.
Error bars represent standard block errors estimated from calculations for
independent 50 ns blocks in the 600 ns trajectories for the free protein and
the complex.

in the DNA-bound state. Thus, DNA recognition by Egr-1
involves both rigid and dynamic interfaces of the basic side
chains.

High mobility retained by interfacial Lys side chains

It should be entropically favorable that interfacial Lys side
chains retain substantial mobility in the DNA-bound state.
The retained mobility of Lys side chains could be gen-
eral in protein–DNA interactions. For example, our pre-
vious studies on the HoxD9–DNA and Antp–DNA com-
plexes (18,37,40,41) showed that the interfacial Lys side-
chain NH3

+ groups at the molecular interfaces are also
highly mobile with S2

axis < 0.6. The small order parameters
suggest that binding-induced change in mobility is relatively
small for these interfacial Lys NH3

+ groups as well, though
the side-chain dynamics of the HoxD9 and Antp proteins
in the free state remain to be investigated.

Different characteristics of Arg and Lys side-chain interac-
tions with DNA

Our data demonstrate the characteristic difference between
the interfacial Arg and Lys side chains in the dynamics
of DNA recognition. The observed difference can be due
to several factors: differences in ability to form hydrogen
bonding clusters (1), in charge density, sterics and in desol-
vation energy (72). For example, pivotal motions through
side-chain bond rotations remain possible with a single hy-
drogen bond, whereas such motions become more difficult
with multiple hydrogen bonds. While the multiple hydrogen
bonds of an Arg guanidino group with DNA could be fa-
vorable in terms of binding enthalpy, the stronger confor-
mational restriction should cause substantial loss in con-
formational entropy for Arg side chains. In contrast, the
Lys side chain possesses only a single charged donor ammo-
nium group, but can adopt various conformations, without
substantial loss in side-chain conformational entropy.

This might be partially responsible for different spa-
tial distributions of Arg and Lys side chains at interfaces
with DNA. Statistical investigations of the 3D structures of
protein-DNA complexes showed that the interactions with
DNA minor groove prefer Arg side chains over Lys side
chains (72). Roh et al. discussed that this preference could
be at least partly due to lower desolvation energy for Arg
side chains (72). Based on our current data, we speculate
that this preference could also relate to the different dy-
namic properties of Arg and Lys side chains. Insertion in
DNA minor groove might diminish the advantage of a Lys
side chain in terms of side-chain conformational entropy,
because the narrow space in the minor groove would not
allow for wide conformational sampling.

CONCLUDING REMARKS

Our current study delineates the dynamics of the basic side
chains in DNA recognition by Egr-1. The Arg side chains
interacting with DNA bases are more strongly immobi-
lized and form rigid interfaces. The basic side chains in-
teracting with the DNA phosphates are relatively mobile
and form dynamic interfaces. In particular, Lys side-chain
NH3

+ groups retain high mobility even in the DNA-bound
state. Although the Arg side chains can form a larger num-
ber of hydrogen bonds, the strong restriction of their mobil-
ity renders substantial loss in side-chain conformational en-
tropy. Our data provide atomic-level information of struc-
tural dynamics and thermodynamics of the interfacial Arg
and Lys side chains in the DNA-binding event. Although
Arg or Lys side-chain dynamics were previously studied for
some protein–nucleic acid complexes (18,37,40,41,73–75),
the binding-induced changes in the dynamics remained to
be delineated. Our current work provides the comprehen-
sive experimental data on changes in Arg and Lys side-chain
dynamics upon protein–DNA complex formation. To con-
clude whether or not the characteristic difference between
Arg and Lys side chains are general in molecular recogni-
tion of nucleic acids by proteins, we require further investi-
gations of other systems.
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68. Akke,M., Brüschweiler,R. and Palmer,A.G. (1993) NMR order
parameters and free-energy––an analytical approach and its
application to cooperative Ca2+ binding by calbindin-D9k. J. Am.
Chem. Soc., 115, 9832–9833.

69. Li,Z.G., Raychaudhuri,S. and Wand,A.J. (1996) Insights into the
local residual entropy of proteins provided by NMR relaxation.
Protein Sci., 5, 2647–2650.

70. Yang,D.W. and Kay,L.E. (1996) Contributions to conformational
entropy arising from bond vector fluctuations measured from
NMR-derived order parameters: application to protein folding. J.
Mol. Biol., 263, 369–382.
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