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ABSTRACT: Zif268 is a zinc-finger protein containing three Cys2-His2-type zinc-finger domains that bind the
target DNA sequence GCGTGGGCG in a cooperative manner. In this work, we characterized translocation
of the Zif268 protein between its target DNA sites using NMR spectroscopy. The residual dipolar coupling
data and NMR chemical shift data suggested that the structure of the sequence-specific complex between
Zif268 and its target DNA in solution is the same as the crystal structure. Using two-dimensional
heteronuclear 1H-15N correlation spectra recorded with the fast acquisition method, we analyzed the
kinetics of the process in which the Zif268 protein transfers from a target site to another on a different DNA
molecule on a minute to hour time scale. By globally fitting the time-course data collected at some different
DNA concentrations, we determined the dissociation rate constant for the specific complex and the second-
order rate constant for direct transfer of Zif268 from one target site to another. Interestingly, direct transfer of
the Zif268 protein between its target sites is >30000-fold slower than corresponding direct transfers of the
HoxD9 and the Oct-1 proteins, although the affinities of the three proteins to their target DNA sites are
comparable. We also analyzed translocation of the Zif268 protein between two target sites on the same DNA
molecules. The populations of the proteins bound to the target sites were found to depend on locations and
orientations of the target sites.

Most transcription factors recognize particularDNA sequences
(target sites) and bind to them with high affinities. Structural
biology has provided an enormous amount of the structural
information on sequence-specific protein-DNA interactions.
Currently, the ProteinData Bank contains the three-dimensional
structures of more than 1500 protein-DNA complexes. Com-
pared to the wealth of structural information, biophysical know-
ledge of the other aspects of the protein-DNA interactions
remains relatively poor. Although NMR1 spectroscopy can
provide information about the dynamic and kinetic aspects of
macromolecular interactions in solution, most NMR studies on
protein-DNA interactions have focused on their structural
aspects (e.g., reviewed in refs 1 and 2). It is relatively recent that
NMR investigations on the dynamic process whereby DNA-
binding proteins find their target sites were initiated (3-9). This
field is still in an early stage of advancement, and there is consi-
derable room for further methodological development.

In this work, we demonstrate unique NMR approaches to
characterize relatively slow translocation of proteins between their
target DNA sites, which cannot be analyzed by the approaches
used in previous studies. We applied the new NMR approach to
the investigation of the Zif268 (also known as Egr-1) protein.
Zif268 is an inducible transcription factor that acts as amessenger
coupling neurotransmission to a cascade of altered gene expres-
sion for neuronal plasticity andmemory formation (10-15). Zif268

contains three Cys2-His2-type zinc-finger domains (16) that
cooperatively bind the target DNA sequence GCGTGGGCG
as a monomer (Figure 1a). In this paper, “the Zif268 protein”
refers to a protein construct containing the three zinc-finger
domains (Zif268 residues 335-423). The sequence specificity and
binding affinity of the Zif268 protein to DNA have been well
studied (17-27), and crystal structures have been determined
forZif268/DNAcomplexes aswell as for the complexes of the engi-
neered Zif268 mutant proteins with their target DNA (22, 28-33).
In the present work, we have studied translocation of the Zif268
protein between its target DNA sites.

MATERIALS AND METHODS

Protein Preparation. The gene encoding the zinc-finger
regions of human Zif268 (residues 335-432) was made from
chemically synthesized DNA oligonucleotides and amplified
by PCR. The codons in the synthetic gene were optimized for
optimal gene expression inEscherichia coli. The genewas inserted
into the pET-49b vector (Novagen). E. coli strain BL21(DE3)
harboring the resultant plasmid was cultured in 4 L of minimal
media for expression of a glutathioneS-transferase (GST)-Zif268
fusion protein. [13C]Glucose and [15N]ammonium chloride were
used for isotope labeling of the protein. At OD600=1.0-1.2, the
protein expression was induced by the addition of 0.2 mM
isopropyl β-D-1-thiogalactopyranoside, and 50 μM ZnCl2 was
added to the media. After the induction, the culture temperature
was lowered from 37 to 24 �C, and cells were cultivated for
further 18 h. Cells were harvested by centrifugation at 4000g and
suspended in ∼100 mL of buffer containing 50 mM Tris-HCl
(pH 7.5), 500 mM NaCl, 5% glycerol, 1% Triton X-100, and
2 tablets of the EDTA-free protease inhibitor cocktail (Roche).
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After disruption of the cells by sonication, the lysate was centri-
fuged at 40000g, and the supernatantwas loaded onto aGSTPrep
FF column (GEHealthcare). After the column was washed with
50mMTris-HCl (pH 7.5), 400 mMNaCl, and 1%Triton X-100,
the GST-Zif268 fusion protein was eluted in 50 mM Tris,
400 mMNaCl, 10 mM glutathione, pH 7.5 (adjusted with HCl).
The fusion protein was cleaved at 4 �C overnight with 100 units
of HRV-3C protease (GE Healthcare). After the cleavage was
confirmed by SDS-PAGE, the reaction mixture was concen-
trated to 5 mL with a Amicon Ultra-15 device (Millipore) and
applied to a Sephacryl S100 26/60 column (GE Healthcare)
equilibrated with a buffer of 50 mMTris-HCl (pH7.5), 1000 mM
NaCl, 2 mM glutathione, and 0.2 mM ZnCl2 for separation by
size-exclusion chromatography. Fractions containing the Zif268
protein were pooled, and the buffer was exchanged to 50 mM
Tris-HCl (pH 7.0), 200 mM NaCl, 1 mM glutathione, 0.1 mM
ZnCl2, and 5% glycerol. The Zif268 protein was loaded onto a
Mono-S 5/5 cation-exchange column (GE Healthcare) equili-
bratedwith the same buffer and elutedwith aNaCl gradient from
200 to 500 mM.
Preparation of DNA for NMR. Chemically synthesized

oligonucleotides were purchased from either Midland Certified
Reagents or Sigma Genosis. Each single-stranded DNAwas puri-
fied by anion-exchange chromatography using aMono-Q 10/100

column on anA.KTAPurifier system (GEHealthcare). TheNaCl
gradient for the elution was typically 150-750 mM (optimal
conditions depended on the lengths of oligonucleotides) in a
buffer containing 50 mM Tris-HCl (pH 7.5) and 1 mM EDTA.
Concentrations of the single-stranded DNA molecules were
measured with UV absorbance at 260 nm and calculated with
extinction coefficients estimated from the base compositions.
After equimolar amounts of individual strands were mixed and
annealed from 85 �C, the double-stranded DNA molecules were
further purified byMono-Q to remove the excess single-stranded
DNA (34).
Resonance Assignment. All NMR experiments for 1H/13C/

15N resonance assignment were performed at 35 �C with either a
Varian 800 MHz or 600 MHz spectrometer. Protein resonances
for the complex between the Zif268 protein bound to 12-bpDNA
were assigned using three-dimensional HN(CA)CO, HNCO,
HNCA,HN(CO)CA,CBCA(CO)NH,C(CO)NH,H(CACO)NH,
and 15N-edited NOESY-HSQC spectra (35). The sample con-
tained 1.0 mM 13C/15N-labeled protein, 1.2 mM 12-bp DNA,
10 mM Tris-HCl (pH 6.8), 20 mM KCl, and 7% D2O. The
resonance assignments have been deposited to BiologicalMagnetic
Resonance Bank (accession code 17130). Spectra were pro-
cessed with the NMRPipe software (36) and analyzed with the
NMRView program (37). Because the 1H-15N correlation
spectra for complexes with longer DNA (24 and 30 bp) were
similar to those for the complex with 12-bp DNA, their 1H/15N
resonances were assigned based on the assignment of the 12-bp
complex and 15N-editedNOESY-HSQCmeasured for the indi-
vidual complexes.
Structural Analysis. Residual dipolar coupling 1DNH indu-

ced by 10 mg/mL Pf1 phage (purchased from ASLA) was
measured at 35 �C with the IPAP-HSQC method (38) for the
Zif268 protein bound to 12-bp DNA. The best fitting of para-
meters representing the molecular alignment tensor against the
1.6 Å resolution crystal structure of the Zif268/DNA complex
(PDB code 1AAY) was carried out using the Xplor-NIH soft-
ware (39, 40). Protein backbone torsion angles φ and ψ were
predicted from 1HN,

1HR,
13CdO, 13CR,

13Cβ, and
15N chemical

shifts with the TALOSþ program (41).
NMR Real-Time Kinetics of Protein Translocation bet-

ween Target DNA Molecules. Two solutions, I and II, were
prepared in a buffer of 10 mM Tris-HCl (pH 7.2), 40 mM KCl,
and 7%D2O; solution I containedDNA24Aand the 15N-labeled
Zif268 protein (bound to DNA 24A), and solution II contained
DNA 24B only. Kinetic experiments were initiated by mixing
these solutions, which were immediately sealed into an NMR
tube, and loaded onto a Varian 800 MHz NMR system. The
process of translocation of the Zif268 protein from DNA 24A to
DNA 24B was monitored at 30 �C using the COST-HSQC pulse
sequence (42) with a repetition delay of 0.38 s. The protein
concentration was 0.26 mM. The experiments was carried out at
three different DNA concentrations: ([24A]total, [24B]total) =
(0.28, 0.24 mM), (0.44, 0.37 mM), and (0.61, 0.55 mM). The
total protein concentration in the mixture was measured with the
BCA protein assay kit (Pierce). The total DNA concentrations
weremeasured byUVabsorbance at 260 nm for solutions I and II
as well as for their mixtures.

For the analysis of the NMR real-time kinetic data, popula-
tions of the Zif268 proteins bound to DNA 24A were calculated
as Ia/(Ia þ Ib), in which Ia and Ib represents the intensities of
HSQC signals from the proteins bound to DNA 24A and 24B,
respectively. The population of the free protein is negligible

FIGURE 1: (a) The crystal structure of the Zif268 protein bound
to DNA (PDB code 1AAY). Zif268 binds as a monomer via three
Cys2His2-type zinc-finger domains (sphere, Zn2þ ions).Domains 1, 2,
and 3 are colored in magenta, green, and yellow, respectively. The
protein recognizes a 9-bp target sequence GCGTGGGCG. Each
domain contacts three base pairs. (b) 1H-15NHSQC spectrumof the
sequence-specific complex between the 13C/15N-labeled Zif268 pro-
tein and unlabeled 12-bp DNA dAGCGTGGGCGTA/dTACGCC-
CACGCA, which contains the target site (underlined). Annotations
are resonance assignments for backbone amide groups. Numbering of
residues for the Zif268 protein is according to Pavletich and Pabo (29).
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compared to that of the bound protein in the experiment, because
DNAwas in excess and its concentration (10-4-10-3M) ismuch
higher than Kd (of a order of 10-9 M). Signals from four
backbone amide groups that are well isolated for both complexes
were used for the calculation of the populations. For each time
point, the average for the four values for the different residues
was used in the fitting calculation. The uncertainties in the obta-
ined populations were estimated from the noise standard devia-
tions of the spectra together with the standard error propagation
method. Global fitting to the data sets at three different concen-
trations of DNA was performed via minimization of the follow-
ing χ2 function:

χ2 ¼
X
h

ðA1obs, h -A1cal, hÞ2
σ2
1h

( )
þ

X
i

ðA2obs, i -A2cal, iÞ2
σ2
2i

( )

þ
X
j

ðA3obs, j -A3cal, jÞ2
σ2
3j

( )

where A1, A2, and A3 are populations of the proteins bound to
DNA 24A for data sets 1, 2, and 3; annotations obs and cal stand
for observed and calculated, respectively; indices h, i, and j are for
individual time points; and σ represents uncertainty in an
observed population. Concentrations [PDA], [DA], and [P] at time
0 were calculated from the total protein concentration, the total
DNA concentrations, andKd, whereas the other initial concentra-
tions were [PDB](0)=0 and [DB](0)=[DB]total in this experiment.
The time courses of the concentrations of individual components
were calculated by the numerical integration of the rate equations
(eqs 1-5, below) (43). Values of koff and kDT were optimized via
the χ2 minimization, in which Acal values were calculated with the
numerical integrations (44, 45). Thus the fitting procedure does
not require an analytical equation that represents time-course
data. The uncertainty in the fitting parameters was estimated by
usingΔχ2 and a confidence limit of 68% (46). All calculationswere
carried out with Mathematica 7 (Wolfram).
Analysis of Context-Dependent Binding Preference.Using

a Varian 800 MHz NMR system, two-dimensional 1H-15N
TROSY and HSQC spectra were recorded at 35 �C for the
15N-labeled Zif268 proteins bound to DNA duplexes shown
in Figure 4. TheNMR samples contained 0.3 mM protein and
0.9 mM DNA dissolved in a buffer of 10 mM Tris-HCl
(pH 7.5), 20 mM KCl, and 7% D2O. One-dimensional 1H or
15N slices containing only one signal were extracted with the
NMRView software from the HSQC spectra for which the
dimension for the line-shape analysis was processed with no
window functions applied. Nonlinear least-squares fitting
calculations to obtain apparent 1H and 15N transverse relaxa-
tion rates from the NMR line shapes were carried out by using an
in-house C-program that makes use of the GNU Scientific
Library. Populations of proteins bound to individual target
sites were calculated from the signal intensities as well as the
apparent 1H and 15N transverse relaxation rates by using eq 6.
Errors in the calculated populations were estimated with standard
error propagation based on the partial derivatives and the errors in
involved parameters (47).

RESULTS

NMR of Zif268 Bound to the Target DNA. Sequence-
specific complexes of the Zif268 proteinwith targetDNAexhibited
well-dispersed 1H-15N correlation spectra. We used three DNA
duplexes of different length: 12 base pairs (bp), 24 bp, and 30 bp.

Figure 1b shows an HSQC spectrum recorded for a speci-
fic complex between the 13C/15N-labeled Zif268 protein with un-
labeled 12-bp DNA containing the 9-bp target sequence
GCGTGGGCG. The backbone 1HN, 15N, 13CdO, 13CR, and
13Cβ resonances were assigned for 97% of residues. 1H-15N
cross-peaks from Leu50 and Thr51 in the R-helix of domain 2 in
the complex as well as the complexes with longer DNA (24 and
30 bp) were broadened beyond detection. One potential explana-
tion for this resonance broadening is the exchange between free
and bound states occurring in an intermediate exchange regime.
However, the kinetic data shown in a later section clearly indi-
cate that the dissociation of the complex occurs in a minute to
hour time scale, and therefore, it is most likely that conforma-
tional exchange within the DNA-bound state causes the signal
broadening. In fact, the crystal structure at 1.6 Å resolution
(PDB code 1AAY) (30) shows two very different conformers
for the side chain of Leu50 (one with χ2 = 63�, the other with
χ2=-83�).
Structural Information from Chemical Shifts and RDC.

The backbone torsion angles φ and ψ were predicted from the

FIGURE 2: (a) Protein backbone torsion angles φ and ψ predicted by
the TALOSþ program (41, 48) from 1H/13C/15N chemical shifts of
the Zif268 protein bound to 12-bp DNA (dAGCGTGGGCGTA/
dTACGCCCACGCA; target site underlined). Black points repre-
sent predicted angles. Each error bar corresponds to a standard
deviation for the 10 best matches in the TALOSþ prediction. The
torsion angles in the 1.6 Å resolution crystal structure (30) are shown
in red. Secondary structures are indicated above the graphs. (b) Cor-
relation between the measured and calculated residual dipolar coup-
ling (RDC) 1DNH for the complex between the 2H/15N-labeledZif268
protein and unlabeled 12-bp DNA.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100962h&iName=master.img-001.jpg&w=201&h=352
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1H/13C/15N chemical shifts of the Zif268 protein/DNA complex
by using the TALOSþ program (41, 48). As shown in Figure 2a,
the predicted φ and ψ angles are in a good agreement with those
in the crystal structure of the specific complex. To obtain further
information on the structure of the complex in solution, we also
measured residual dipolar coupling (RDC) 1DNH induced by
10 mg/mL Pf1 phage for the 2H-/15N-labeled Zif268 protein
bound to the 12-bpDNA.Using the obtainedRDCdata, the five
parameters (i.e., magnitude, Da; rhombicity, η; and three Euler
angles) representing the molecular alignment tensor were fitted
against the crystal structure. By this fitting procedure, Da and η
were determined to be-5.3 Hz and 0.54, respectively. As shown
inFigure 2b, the experimental and calculated 1DNHdatawere in a
good agreement, giving an RDC R-factor (49) of 0.136. These
data suggest that the structure of Zif268 bound to the target
DNA in solution is virtually identical to the crystal structure.
Kinetics of Protein Translocation between Target Sites

on Different DNA Molecules. Using NMR, we analyzed the
kinetics of the translocation process in which the Zif268 protein
transfers from one target site to another. An initial attempt to
analyze the process by using z-exchange spectroscopy (as we had
successfully applied to the HoxD9 homeodomain (3, 4, 7)) was
precluded due to very slow translocation of the Zif268 protein
between the target sites. We then analyzed the translocation
process by using a “real-time” approach based onNMR,which is
schematically depicted in Figure 3a. In this approach, the
complex between the Zif268 protein and a 24-bp DNA molecule
(24A) is first prepared andmixedwith a solution of another 24-bp
DNA (24B). These DNA molecules, 24A and 24B, differ only in

twobase pairs adjacent to the target 9-bp sequenceGCGTGGGCG
(Figure 3b). When these two DNAs are bound to the Zif268
protein, we observed slightly different NMR chemical shifts for
some protein residues due to the sequence differences between
24A and 24B. The relative affinities of these two DNAmolecules
appear to be virtually identical because the ratio of signal inten-
sities for the proteins bound to DNA duplexes 24A and 24B was
the same at equilibrium when equimolar concentrations of DNA
duplexes were used (Figure 3c). In the present approach, we
monitored translocation of the 15N-labeled Zif268 protein from
the target in DNA duplex 24A to another target in DNA duplex
24B using a series ofHSQC spectra (examples shown in Figure 3d)
recorded with the selective excitation method (42, 50, 51). This
methodpermits the rapidacquisitionof the two-dimensional spectra.
Until the system reached equilibrium in 1-2 h, the signals from
the protein bound to DNA duplex 24A became weaker, whereas
those from the protein bound to 24B became stronger. The
kinetic experiments were carried out with three different concen-
trations of DNA, and the time-course data obtained are shown
in Figure 3e. Apparent pseudo-first-order rate constants for pro-
tein translocation between target DNA molecules (ktrans

app ) were
calculated individually for the three data sets using monoexpo-
nential fitting. ktrans

app was found to be larger at a higher concen-
tration of DNA (Figure 3e).

As explained in previous studies (4, 5, 7, 52-56), two
mechanisms can contribute to the intermolecular protein trans-
location between two DNA molecules: (1) dissociation and re-
association (Figure 3f) and (2) direct transfer (Figure 3g).
Assuming that the biochemical properties of DNA duplexes 24A

FIGURE 3: NMR-based real-time kinetics of translocation of the Zif268 protein between two target sites on different DNAmolecules. (a) Sche-
matic drawing of the experimental design. (b) The base sequences of DNA 24A and 24B. These sequences are identical except for two base pairs
adjacent to the target sequence. (c) HSQC signals fromThr30measured for amixture containing 0.15mMprotein, 0.20mMDNA24A, and 0.20
mMDNA24B.The intensities of the signals from the two complexeswere found tobe virtually the same for thismixture at equilibrium, indicating
that the affinities of DNA 24A and 24B are the same. (d) Changes of the HSQC signals from Thr30 amide group uponmixing solutions I and II.
The initial total concentrations of the protein and DNA duplexes 24A and 24B were 0.26, 0.28, and 0.24 mM, respectively. For the rapid data
acquisition, the resolution of the 15N dimension is lower for the spectra in panel d than the spectrum in panel c. (e) Real-time kinetics of protein
translocation fromDNA 24A to DNA 24B as monitored by NMR. Three experiments with different DNA concentrations were conducted (the
total DNA concentrations are indicated on each graph). The values of the apparent pseudo-first-order rate constants for translocation (ktrans

app )
obtained by fitting for individual data set are shown on each graph. The results of the global fitting are shown in a box. The curves shown in red
together with data points were obtained with the global fitting calculation. (f, g) Two possible mechanisms for the intermolecular protein
translocation between two DNA molecules.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100962h&iName=master.img-002.jpg&w=500&h=243
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and 24B are virtually identical, the rate equations for translocation
are given by

d

dt
½PDA� ¼ - koff ½PDA� þ kon½P�½DA�- kDT½PDA�½DB�

þ kDT½PDB�½DA� ð1Þ
d

dt
½PDB� ¼ - koff ½PDB� þ kon½P�½DB�- kDT½PDB�½DA�

þ kDT½PDA�½DB� ð2Þ
d

dt
½DA� ¼ - kon½P�½DA� þ koff ½PDA�- kDT½PDB�½DA�

þ kDT½PDA�½DB� ð3Þ
d

dt
½DB� ¼ - kon½P�½DB� þ koff ½PDB�- kDT½PDA�½DB�

þ kDT½PDB�½DA� ð4Þ
d

dt
½P� ¼ - kon½P�½DA�- kon½P�½DB� þ koff ½PDA� þ koff ½PDB�

ð5Þ
in which [D], [P], and [PD] represent the concentrations of free
DNA, free protein, and complexes, respectively; koff, the dis-
sociation rate constant; kon, the association rate constant; and
kDT, the second-order rate constant for direct transfer between
the two specific sites on different DNA molecules. If [D] . Kd

(this is satisfied in the present experiment), kon[D] is much greater
than koff, and therefore, the rate-limiting step for protein trans-
location via the dissociation and reassociation mechanism is the
dissociation, a first-order event. So, if this mechanism is pre-
dominant, the translocation rate should be virtually independent
of the free DNA concentration. On the other hand, the trans-
location via direct transfer is a second-order reaction, and there-
fore its rate depends on the free DNA concentration. Thus, our
experimental data showing the DNA concentration dependence
of ktrans

app suggest the presence of the direct transfer mechanism.
Using eqs 1-5, koff and kDT were determined by simultaneous

best fitting against the experimental data at three different DNA
concentrations. The kon rate constant cannot be determined by
this experiment because the association is much faster than the
dissociation and direct transfer processes that limit the overall
kinetics of translocation. Although the kon and koff rate constants
were restrained by some different values of the dissociation con-
stantKd=koff/kon in the previously known range (10

-10-10-8M)
(24), the determined values of koff and kDT rate constants were
unaffected by the variation of Kd. The dissociation rate constant
koff was determined to be (1.0 ( 0.4) � 10-4 s-1 at 40 mM KCl.
This is consistentwith koff measured at a higher ionic strength using
surface plasmon resonance (2� 10-4 s-1 at 90mMKCl) (20). The
second-order rate constant kDT for the direct transfer between the
target DNA duplexes was determined to be 0.84 ( 0.16 M-1 s-1.
Under the current experimental conditions with 0.3-0.9 mM free
DNA, the direct transfer accounts for 70-90%of the translocation
of Zif268 between the two target sites.
Translocation between Two Sites on the Same DNAMole-

cule. If there are two target sites on the same DNA molecules,
it is possible for the Zif268 protein to transfer more quickly
between the target sites via sliding on DNA. To pursue this
possibility, we designed 30-bp DNA molecules 30ABBB, 30BAAB, and
30BBAB (Figure 4a), in which there are two target sites separated by
5 bp, and analyzed their interactions with the Zif268 protein. The
two sites, A and B, in these duplexes correspond to those inDNA

molecules 24A and 24B, respectively.We recorded two-dimensional
1H-15N correlation NMR spectra at 800 MHz for the Zif268
protein bound to either of two target sites on the same DNA
molecule (Figure 4a). In the experiment, we used a total molar
concentration of the target sites that was 6-fold higher than that
of the Zif268 protein, such that the vast majority of complexes
should contain a single protein molecule bound to either of
the two target sites on a DNA duplex (although the duplexes
could accommodate two proteins). As seen in the experiments
with DNA 24A and 24B, some residues of Zif268 exhibited two
separate signals from the proteins bound to A and B. This
indicates that translocation of the Zif268 protein between the two
target sites occurs in the slow exchange regime. By using a diffe-
rent set of DNA duplexes for which one of the two target sites
is disrupted by base substitutions (Figure 4b), we were able to
individually assign signals from the proteins at sites A and B for
DNA duplexes 30ABBB, 30BAAB, and 30BBAB.

FIGURE 4: (a) TROSY signals measured for the 15N-labeled Zif268
proteins bound to a 30-bpDNA containing two target sites, A andB,
that correspond to those in DNA 24A and 24B, respectively. Signals
for residue Ile26 andHis29 are shown.Note that the intensities of the
signals from the Zif268 proteins at sites A and B are significantly
different. The NMR samples contained 0.3 mMprotein and 0.9 mM
DNA (b) TROSY signals measured for the 15N-labeled Zif268
proteins bound to a 30-bp DNA containing only one target site. The
signals shown in panel a were assigned using these spectra. (c) TROSY
signals observed for the mixture of 0.2 mM 15N-labeled protein,
0.32 mM DNA 30BBAB, and 0.32 mM DNA 30BAAB. For all panels, the
NMR spectra were recorded at 35 �C, and the buffer conditions were
10 mM Tris-HCl (pH 7.5), 20 mMKCl, and 7% D2O.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100962h&iName=master.img-003.jpg&w=239&h=367
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We carried out the z-exchange experiments for the kinetic
analysis of the translocation between the two target sites on the
30-bpDNA. In this case, both intermolecular transfer and sliding
can occur for the translocation of the proteins between the two
sites on the DNA molecules. As shown in the previous sub-
section, the intermolecular transfer between differentDNAmole-
cules should occur on a minute to hour time scale. If sliding is as
fast as 0.5-50 s-1, exchange cross-peaks should appear in the
z-exchange experiment (4, 7, 57, 58). However, no exchange
cross-peaks were observed in the z-exchange experiments for
these samples with DNA containing two target sites at 40 mM
KCl and 300 mM KCl (data not shown), which indicates that
transfer of the Zif268 protein from a target site to the other via
sliding is also slower than in the order of a second.
Populations of Proteins Bound to Different Target Sites.

Interestingly, the peak intensities of signals from proteins bound
to sites A and B in the 30-bpDNAmolecules were found to differ
substantially (Figure 4a). The intensities of signals from the
protein at site B of DNA 30ABBB, for example, were significantly
higher than the intensities of corresponding signals from the
protein at site A. On the contrary, signals from the protein at site
B were weaker than those from the protein at site A in DNA
30BBAB and 30BAAB (Figure 4a); in fact, the signals from the protein
at site B of DNA 30BBAB were too weak to be observed. As
mentioned above, two complexes with sites A and B exhibited the
same signal intensities at equilibrium with a 1:1 mixture of the
24-bp DNA duplexes 24A and 24B, in which the nucleotides
surrounding the target sites are identical (Figure 3c). These data
suggest that the populations of the proteins at target sitesA andB
are dependent on their locations and orientations.

The quantitative determination of populations from NMR
data requires information about 1H and 15N relaxations that are
relevant to intensities of the signals. It is likely that the 1H longi-
tudinal relaxation rates for proteins at sites A and B are almost
identical because the 1H-1H dipolar interaction network should
be virtually identical for the two states. However, the transverse
relaxation rates can be quite different for the proteins at sites A
andB, if a conformational exchange is present to a different degree.
Provided that the NMR line shapes are Lorentzian in both 1H

and 15N dimensions, the ratio of the peak height IB to IA is
given by

IB

IA
¼ pB

pA

RA
2,HR

A
2,N

RB
2,HR

B
2,N

expð-RB
2,HτÞ

expð-RA
2,HτÞ

ð6Þ

where R2 represents an apparent transverse relaxation rate and
τ represents an overall time for 1H-15N coherence transfer in the
1H-15N correlation experiment. For the population analysis, we
used the HSQC data rather than TROSY because theoretical
consideration suggests that NMR line shapes for HSQC pro-
cessed with no window function can be better represented by the
Lorentzian shapes than those for TROSY. The apparent 1H and
15N transverse relaxation rates were calculated by line-shape fit-
ting against one-dimensional slices of HSQC spectra. Using eq 6,
the populations of proteins bound to sites A and B were calcu-
lated from the relaxation rates and signal intensities for backbone
amide groups of Ile26, His29, and Thr30, which exhibited reso-
nances isolated in both 1H and 15N dimensions for the two sites.

Table 1 shows the data for the calculations of populations of
proteins at the two target sites on DNA duplexes 30ABBB and
30BAAB. It was found that 37%of the Zif268 protein is at siteA and
63% at site B on DNA 30ABBB, whereas the populations of the
proteins at sites A and B on DNA 30BAAB are 76% and 24%,
respectively. It is likely that the populations of the sites A and B
in DNA 30BBAB differ to a greater degree as the signals from the
protein bound to the site B are too weak to be observed. These
data indicate that the binding affinity of a target site depends on
the context in which the sequence is located in DNA.

To investigate a possibility that two specific sites in the same
DNAsomehowaffect each other in the process of Zif268 binding,
we carried out an additional similar experiment in which a 1:1
mixture of two 30-bp DNA duplexes containing only one target
site at different locations (i.e., 30BANand30NAB) was used instead.
As shown in Figure 4c, the ratio of the signal intensities for the
Zif268 proteins bound to sites A and B for the mixture was found
to be similar to those forDNA30BAAB. This result clearly indicates
that the binding preference is not due to the interaction between
the target sites.

Table 1: Relative Populations of the Zif268 Protein at Sites A and B on DNA Molecules 30ABBB and 30BAAB Determined by NMRa

DNA protein amideb binding site R2,H
app (s-1)c R2,N

app (s-1)d relative intensitye relative population f

30ABBB I26 A 103.8( 3.1 58.4( 1.9 0.255( 0.003 0.371 ( 0.018

B 88.8( 1.0 45.5( 0.5 0.745( 0.003 0.629 ( 0.018

H29 A 92.9( 2.5 47.6 ( 1.3 0.286( 0.003 0.343 ( 0.015

B 83.3( 0.8 44.6( 0.5 0.714( 0.003 0.657 ( 0.015

T30 A 101.9( 2.5 45.3( 1.3 0.289( 0.003 0.399 ( 0.016

B 81.6( 0.9 41.9 ( 0.5 0.711( 0.003 0.601 ( 0.016

overall A: 0.371 ( 0.014

overall B: 0.629 ( 0.014

30BAAB I26 A 85.5( 2.2 53.3( 1.5 0.792( 0.004 0.733 ( 0.043

B 111.7( 9.5 44.4( 4.2 0.208( 0.004 0.267 ( 0.043

H29 A 90.7 ( 1.6 42.4( 1.2 0.779( 0.004 0.729 ( 0.034

B 92.4( 6.4 53.7( 4.4 0.221( 0.004 0.271 ( 0.034

T30 A 91.9( 1.7 40.2( 0.9 0.794( 0.004 0.830 ( 0.026

B 81.8( 5.8 39.1( 4.1 0.206( 0.004 0.170 ( 0.026

overall A: 0.764 ( 0.035

overall B: 0.236 ( 0.035

a1H-15NHSQC spectra recorded on the 15N-labeled Zif268 protein bound to an unlabeled 30-bp DNAmolecule containing two target sites, A and B, were
used. bBackbone amide that showed isolated 1H and 15N resonances for both sites A and B. cApparent 1H transverse relaxation rates. dApparent 15N
transverse relaxation rates. eGiven by IA/(IA þ IB) and IB/(IA þ IB) for sites A and B, respectively, where I represents a peak height. Errors are based on noise
standard deviations of the spectra. These correspond to populations estimatedwith no relaxation effects taken into consideration. fPopulations calculatedwith
eq 6. The value of τ used was 9.2 ms.
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DISCUSSION

Direct Transfer of the Zif268 Protein between Its Target
Sites. Although the direct transfer mechanism for translocation
betweenDNAmolecules was found almost 3 decades ago (52, 54),
there are only a few reports on the experimental determinations
of thekinetic rate constants fordirect transfersofproteins (4,5,8).
For theHoxD9 (4) andOct-1 (8) proteins, direct transfer between
their target DNA molecules occurs with the second-order rate
constants (kDT) of 6 � 104 M-1 s-1 and 3 � 104 M-1 s-1,
respectively. Surprisingly, the obtained value of kDT for Zif268
(0.84( 0.16 M-1 s-1) indicates that direct transfer of the Zif268
protein between its target DNA sites is >30000-fold slower than
corresponding direct transfers of the HoxD9 homeodomain and
the Oct-1 protein under similar conditions. This discrepancy is
very intriguing because the affinities of these three proteins to
their target DNA sites are comparable (3, 24, 59). As discussed
previously (4, 60), the highly efficient direct transfer for the
homeodomain may arise from the dynamics of the N-terminal
tail that could locally dissociate from DNA and capture another
DNA molecule, thereby allowing the protein molecule to form a
transient structure bridging twoDNAmolecules. However, there
is no corresponding tail in Zif268. Local dissociation of zinc-
finger domains in the specific complex of Zif268 is likely to be
inefficient, because each zinc-finger domain forms 7-8 hydrogen
bonds with DNA (3-4 bonds are with bases) in the specific
complex (29). These aspects of HoxD9 and Zif268 could be
responsible for their very different kDT values.

Judging from the value determined for kDT and the low natural
abundance of the 9-bp target sequence, it is unlikely that direct
transfer between the target sites is important for Zif268 in cells.
Interestingly, however, direct transfer of Zif268 between non-
specific DNAmolecules was found to be extremely fast with kDT

on the order of 107M-1 s-1 (data not shown). The high efficiency
for direct transfer between nonspecificDNA sites might be due to
the interdomain dynamics that could allow the Zif268 protein to
transiently bridge two DNA molecules using different domains.
Since the protein-DNA interactions are weaker for nonspecific
DNA, the three zinc-finger domains of Zif268 may be far more
dynamic in a nonspecific complex than in a specific complex. Our
results suggest that once it finds a target site, the Zif268 protein
stays there for a long time (with a half-life time of∼2 h at 40 mM
KCl), although this protein can transfer very quickly between
nonspecific DNA via direct transfer during the target search
process.
Context-Dependent Binding Preference. Our NMR data

on sequence-specific interactions between the Zif268 protein and
its target sites suggest that the relative affinities of the target sites
depend on their locations and orientations on DNA. The context-
dependent binding preference may be caused by subtle structural
differences due to different sequences adjacent to the target
sequence and/or long-range electrostatic interactions. The non-
uniform affinities for the same target sequence could be impor-
tant for the functions of the transcription factor. A recent study
of genome-wide in vivo Zif268 binding sites in monocytic
differentiation bymeans of chromatin immunoprecipitation with
a promoter array (ChIP-on-chip) showed that Zif268 shows
relative enrichments of 5-50-fold at promoter regions for
different target genes (61). While the variation of in vivo Zif268
occupancies can reflect influences of other proteins bound to
DNA, it should be noted that the context-dependent binding
preference found in our present study could also contribute to the

variation at this level. The context dependence might be of bio-
logical significance for fine-tuning of populations of the trans-
cription factor at its functionally important sites.
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