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Abstract While an extensive body of knowledge has
accumulated on the structures of transcription factors,
DNA and their complexes from both NMR and crystal-
lography, much less is known at a molecular level
regarding the mechanisms whereby transcription factors
locate their specific DNA target site within an over-
whelming sea of non-specific DNA sites. Indirect kinetic
data suggested that three processes are involved in the
search procedure: jumping by dissociation of the protein
from the DNA followed by re-association at another site,
direct transfer from one DNA molecule or segment to
another, and one-dimensional sliding. In this brief per-
spective I summarize recent NMR developments from our
laboratory that have permitted direct characterization of the
species and molecular mechanisms involved in the target
search process, including the detection of highly transient
sparsely-populated states. The main tool in these studies
involves the application of paramagnetic relaxation
enhancement, supplemented by z-exchange spectroscopy,
lineshape analysis and residual dipolar couplings. These
studies led to the first direct demonstration of rotation-
coupled sliding of a protein along the DNA and the direct
transfer of a protein from one DNA molecule to another
without dissociating into free solution.
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The interaction of proteins with DNA plays a critical role
in gene expression. Much has been learnt from static
structures of protein-DNA complexes determined by
crystallography and NMR. The first NMR structures of
protein-DNA complexes were published in 1993 (Omi-
chinski et al. 1993; Billeter et al. 1993; Chuprina et al.
1993), and since that time NMR has continued to make
significant contributions to the study of protein-DNA
complexes. This includes, among many others, structures
of the minor groove binding architectural proteins SRY
(Werner et al. 1995; Murphy et al. 2001), LEF-1 (Love
et al. 1995, 2004), HMG-I/'Y (Huth et al. 1997) and
NHP6A (Allain et al. 1999) complexed to DNA, structures
of zinc finger-DNA complexes (Foster et al. 1997; Omi-
chinski et al. 1997; Wuttke et al. 1997; Tsui et al. 2000a, b;
Stoll et al. 2007), the structure of an Oct1/Sox2/DNA ter-
nary complex (Williams et al. 2004), structures of specific
and non-specific complexes of lac repressor with DNA
(Boelens et al. 1987; Spronk et al. 1999; Kalodimos et al.
2002, 2004; von Hippel 2004), and the structures of com-
plexes of Myb (Ogata et al. 1994) and the Trp repressor
(Zhang et al. 1994) with DNA. Much less is known,
however, of the mechanisms at an atomic level whereby
transcription factors efficiently locate their specific DNA
binding site. In this brief perspective, I will highlight some
recent NMR developments that have taken place in our
laboratory over the last 5 years that have sought to shed
light on this problem. Some of the experiments, such as
line shape analysis, are relatively simple, while others such
as z-exchange spectroscopy and paramagnetic relaxation
enhancement are more complex in their execution and
interpretation.

A fundamental problem in specific DNA recognition is
that transcription factors have to be able to rapidly locate
their specific DNA target site(s) among a sea of non-
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specific sites. In the context of eukaryotic cells, the con-
centration of nuclear DNA is ~ 100 mg/ml which corre-
sponds to a concentration of 150 mM on a base-pair basis.
Thus, even if a transcription factor covers 10 bp, the con-
centration of potentially available non-specific sites would
be 15 mM. This value represents an upper limit since
~90% of the DNA is covered by chromatin. Hence, the
effective concentration of non-specific sites would be
reduced to 1.5 mM, which is still many orders of magni-
tude larger than the concentration of specific sites, which
could be as low as one site per nucleus. Three mechanisms
(Fig. 1), based largely on indirect kinetic measurements
and theoretical calculations, have been proposed to facili-
tate the target search process: jumping, direct transfer and

A Sliding

B Direct transfer/intersegment transfer

i

C Jumping
r ‘ + .
| ‘ {

Fig. 1 Diagrammatic representation of a sliding, b direct/interseg-
ment transfer and ¢ jumping. Molecules of DNA are shown in blue
and green, and the protein in red. Sliding involves one-dimensional
rotational-coupled diffusion on the DNA whereby the protein tracks
the grooves of the DNA. In direct/intersegment transfer, a protein
bound to one segment of DNA is directly transferred to another
segment or molecule of DNA via a bridged intermediate without ever
dissociating into free solution. Finally, in jumping, the protein
dissociates from one molecule of DNA, diffuses in three-dimensions
in solution and reassociates with another molecule or segment of
DNA

+
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sliding (Riggs et al. 1970; Berg et al. 1981; Winter et al.
1981; Berg and von Hippel 1985; von Hippel and Berg
1989; Halford and Marko 2004; Levy et al. 2007; Toth-
Petroczy et al. 2009; Vuzman et al. 2010a, b; Vuzman and
Levy 2010). Jumping simply involves dissociation of the
transcription factor from one DNA site into free solution
followed by reassociation at another DNA site. Direct
transfer of a transcription factor from one DNA site to
another site located either distally on the same DNA
molecule (>150 bp away) or on another DNA molecule
can occur via the formation of a bridged complex without
dissociation into free solution. Jumping and direct transfer
involve intermolecular translocation events. Sliding, on the
other hand, represents an intramolecular translocation
event involving one-dimensional diffusion along the DNA.
In this brief perspective I summary recent studies that
directly demonstrate the existence of these search mecha-
nisms and permit one to obtain direct kinetic data on the
rates of these processes.

Direct measurement of the kinetics of intermolecular
translocation

The general strategy for studying the kinetics of intermo-
lecular translocation relies on carrying out measurements
on a sample comprising protein plus a roughly equal
mixture of two DNA duplexes differing slightly in their
DNA sequence (Iwahara and Clore 2006a; Iwahara et al.
2006; Doucleff and Clore 2008; Takayama et al. 2010).
This will result in distinct chemical shifts for the two
complexes while leaving the affinity for the protein
essentially unaltered. For a specific complex, only one base
pair change at the edge of the site is required (Iwahara and
Clore 2006a; Doucleff and Clore 2008; Takayama et al.
2010). For non-specific complexes, more base pair changes
may be needed (Iwahara et al. 2006). In such samples,
intermolecular exchange reactions will take place by direct
transfer

kab
PDa-i-Dbk;\PDb-l-Db (1)
ba
and jumping
kgff
PD, k\:\ P+ D,
' kOl’l (2)
b
P 4 Dy = PDy,
kgff

where PD, is the complex with one DNA duplex (D,), and
PD,, the complex with the second duplex (Dy).

In the case of direct transfer (Eq. 1), the apparent rate
constants kap? and kg’ for the transfer of the protein from
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D, to Dy, and from Dy, to D,, respectively, will be directly
proportional to the concentration of free DNA; i.e.
KPP = kp[DI°] and AP = kp, [DI°]. Under conditions
where the total DNA concentration ([D,] + [Dy] is in
excess over protein and the dissociation rate constant
kort € kon[DNAfce], Where kg, is the second order asso-
ciation rate constant), the rate limiting step for jumping
(Eq. 2) will be governed by the dissociation rate constants
Ko™ and k™. The apparent first order translocation rate
constants k3P and ke will be independent of the con-
centration of free DNA and approximately equal to k2'/2
and k272 (where the statistical factor of 2 arises from
transitions between the same species). Thus, the second
order rate constant for direct transfer and the first order
dissociation rate constant for jumping can be obtained from
the slope and intercept, respectively, of a plot of apparent
translocation rate constant versus free DNA concentration
(Iwahara and Clore 2006a; Doucleff and Clore 2008). The
specific technique used to measure the apparent translo-
cation rate constants will be dependent on the exchange
regime.

If intermolecular translocation is very slow (on the
minutes to hours time scale), real-time NMR-based kinetic
measurements can be made using for example, 'H-""N
correlation spectroscopy (Takayama et al. 2010). A par-
ticularly useful variant, in this regard, is the use of a sen-
sitivity-enhanced HSQC sequence known as COST-HSQC,
based on a selective E-BURP pulse on 'Hy, to cool overall
spin temperature, thereby permitting shorter recovery
delays to be employed (Deschamps and Campbell 2006).
This approach was used to study the very slow direct
transfer of the three zinc-finger protein Zif268 from one
specific DNA binding site to another where kpr, the rate
constant for direct transfer (equivalent to k,, and ky, in
Eq. 1), has a value of ~1 M~!'s7!, and kogr (equivalent to
ko™ and k™ in Eq. 2) a value of 107* s™! (Takayama et al.
2010).

When exchange is slow on the chemical shift time scale,
but equal to or faster than the longitudinal relaxation rate,
the kinetics of intermolecular translocation can be studied
by z-exchange spectroscopy based on 2D heteronuclear
correlation experiments (Montelione and Wagner 1989;
Farrow et al. 1994). Rate constants are readily obtained by
simultaneously fitting the dependence of the auto- and
exchange cross-peak intensities as a function of the z mix-
ing time, and in general rates up to ~50 s~ ' are accessible
using this approach (Iwahara and Clore 2006a). In most
instances, it is advantageous to use a TROSY version of the
experiment taking care to include an S scheme during the z-
mixing period to eliminate the buildup of spurious semi-
TROSY peaks (Sahu et al. 2007). This approach has been
used to study intermolecular translocation of the homeo-
domain Hox D9 (Iwahara and Clore 2006a) and the

multidomain transcription factor Octl (Doucleff and Clore
2008).

Two DNA binding proteins that we have studied
extensively are HoxD9 and Octl. HoxD9 is a homeodo-
main protein comprising a helix-turn-helix DNA binding
domain that binds in the major groove and an N-terminal
tail that contacts the minor groove. Octl is a bi-domain
DNA binding protein comprising a POU specific domain
(POUyg) and a homeodomain (POUyp); both domains are of
the helix-turn-helix variety and bind in the major groove of
the DNA. HoxD9 and Octl bind sequence specifically to
DNA with an equilibrium dissociation constant in the sub-
nanomolar to nanomolar range. In the case of HoxD9,
intermolecular tranlsocation proceeds almost entirely via
direct transfer, with the N-terminal tail acting as a fly-cast
to latch on to a second DNA molecule (Iwahara and Clore
2006a). At 20 mM NaCl the rate constant for direct transfer
of HoxD9 has a value of ~5-6 x 10* M~' s™'. Octl has
two DNA binding domains, POUg and POUyp, connected
by a relatively short flexible linker. The two domains
exchange between specific sites at significantly different
rates, with translocation rates for the POUg domain being a
factor of ~ 1.5 higher than those for the POUyp domain
(Doucleff and Clore 2008). In contrast to HoxD9, a plot of
the apparent translocation rates as a function of free DNA
concentration yields a measurable intercept when extrap-
olated to zero free DNA. This intercept is equal to half the
dissociation rate constant, k.g, of the domains from DNA
into solution, and reflects the jumping process. At 150 mM
NaCl and 30°C, the global association and dissociation rate
constants have values of ~2 x 10 M~ s™! and 4-5 sfl,
respectively; the direct transfer rate constants have values
of 2-4 x 10* M~! s™! (Doucleff and Clore 2008). On the
HoxB1 promoter Octl forms a ternary complex with
another transcription factor Sox2, an architectural protein
that binds to the minor groove and bends the DNA
(Williams et al. 2004). Addition of Sox 2 reduces the
intermolecular translocation rates for Octl by >5 fold,
primarily by slowing the exchange rate for the POUg
domain which directly contacts Sox2 in the complex
(Doucleff and Clore 2008).

When exchange is fast on the chemical shift time scale,
the overall translocation rate constant k'+*" can be readily
extracted from linewidth analysis as the populations and
chemical shift differences can be obtained directly from
correlation spectra of the 1:1 mixture of the two complexes
and the individual complexes (Iwahara et al. 2006). The
apparent first-order forward and backward translocation
rate constants can then be derived from the overall trans-
location rate constant and the known populations of the two
complexes. This approach has been used to study inter-
molecular translocation of HoxD9 between different non-
specific 24 bp DNA duplexes and allows for apparent first
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order rate constants up to ~ 1,500 s7! to be reliably

determined (Iwahara et al. 2006). For HoxD9 the overall
apparent first-order translocation rate constant is linearly
proportional to the concentration of free DNA. From these
data the direct transfer rate constant is calculated to be
~15 x 10°M™! s~! which is about 25 times faster than
the transfer between specific sequences under similar
conditions (20 mM NaCl). The exchange contributions
arising from intramolecular translocation (i.e. one-dimen-
sional diffusion) are included in the R, rates for the indi-
vidual non-specific complexes. Since the latter are
independent of DNA concentration, whereas the R, rate for
the mixture decreases with DNA concentration (corre-
sponding to an increase in k'2"), and the chemical shift
differences for HoxD9 bound to each potential nonspecific
site are expected to be just as large as the difference in
observed chemical shifts between the two non-specific
complexes, one can deduce that the first order rate constant
for intramolecular translocation, Ié‘,‘fra, is much larger than
the apparent first order rate constant, kie‘}fer, for intermo-
lecular translocation. An upper limit for the value of k™
can be obtained by extrapolating the concentration of free
DNA at which the R, rates for the mixture are the same as
those for the individual complexes. This procedure yields a
lower limit of A2 ~ 1,500 s~ .

The one-dimensional diffusion coefficients for proteins
undergoing rotation-coupled sliding along DNA measured
from single molecule experiments range from 0.1 to
0.2 pm?* s~ (Blainey et al. 2009; Gorman et al. 2010).
How does a k2™ value of 1,500 s~' measured on a 24 bp
DNA duplex translate to a one-dimensional diffusion
coefficient? An estimate can be obtained as follows. Since
only one set of protein chemical shifts is observed for the
ensemble of non-specific complexes formed with each
24 bp DNA duplex, complexes with HoxD9 located at the
extreme ends of the DNA must be in fast exchange with
one another. The binding size for HoxD9 is 6 bp, so the
center-to center distance separating HoxD9 at the two
extreme ends of a 24 bp DNA duplex is 18 bp, corre-
sponding to a distance L of ~60 Aor60 x 107 pm. The
protein can be bound to the DNA in two orientations
related by a 180° rotation with respect to the long axis of
the DNA; hence there are four possible combinations of
complexes located at the ends of the DNA that must be in
fast exchange with one another. Exchange between pro-
teins bound in the same orientation can occur solely by
sliding, whereas proteins bound in opposite orientations
can only exchange by a combination of sliding and a
direct intermolecular transfer event. Bearing this in mind,
the one-dimensional diffusion coefficient is given approx-
imately by 2L%k., ~ 0.1 pum?® s~' which is fully consis-
tent with the results obtained from single molecule
experiments.
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Characterizing intra- and intermolecular
translocation by paramagnetic relaxation
enhancement measurements

The PRE arises from magnetic dipolar interactions between
the unpaired electron of a paramagnetic center and a
nucleus such as a proton (Solomon 1955; Bloembergen and
Morgan 1961). The PRE results in an increase in the
nuclear magnetization relaxation rate that is proportional to
the (r~°) average distance between the electron and the
nucleus of interest. Because the magnetic moment of the
electron is very large, the PRE effect is also very large and
can extend to distances up to ~35 A. In the absence of an
intrinsic paramagnetic center, a paramagnetic label must be
introduced into the system, and the most suitable are those
that have an unpaired electron with an isotropic g-tensor
(Clore and Iwahara 2009). Examples of common para-
magnetic labels include nitroxide spin labels and metal ions
such as Mn>* and Gd** chelated, for example, to EDTA
with functional groups that permit their site-specific con-
jugation to DNA or protein. For DNA, EDTA-derivatized
deoxythymidine is ideally suited for PRE studies, and
synthetic oligonucleotides containing dT-EDTA can be
readily purchased (Iwahara et al. 2003).

Since the paramagnetic center is generally conjugated to
the protein or DNA via several rotatable bonds, quantita-
tive analysis of the PRE necessitates taking the flexibility
of the paramagnetic center into account in order to accu-
rately back-calculate PRE rates from structure coordinates
(Iwahara et al. 2004a). This involves representing the
paramagnetic center by an ensemble of states and taking
care to calculate PRE order parameters from the coordi-
nates during the course of structure refinement. Quantita-
tive assessment of the agreement between observed and
experimental PRE rates is given by a Q-factor that is
broadly analogous to a crystallographic R-factor (Iwahara
et al. 2004a). It should also be noted that quantitative
analysis requires that actual PRE relaxation rates be mea-
sured, rather than simply taking the ratio of cross-peak
intensities in the spectra of the paramagnetic state and the
diamagnetic control (Iwahara et al. 2007). The PRE rates
are simply given by the difference in relaxation rates
between the paramagnetic sample and the diamagnetic
control. In most instances a two-time point measurement is
sufficient to obtain accurate relaxation rates (Iwahara et al.
2007). PREs can be measured on both longitudinal (I'y)
and transverse (I',) relaxation rates. In general, transverse
PRE rates are preferred since the "H-T, rate is much larger
than the 1H—l“l rate, making the former a more sensitive
probe. In addition, the 1H—l"z rate is much less susceptible
to internal motions and cross-relaxation effects than the
"H-T', rate (Iwahara et al. 2004a; Clore and Iwahara 2009;
Iwahara and Clore 2010).
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The key to using the PRE to detect rare events such as
sliding and direct transfer that involve species populated
at very low levels, relies on the existence of rapid
exchange between an NMR observable species and the
sparsely-populated states (Iwahara and Clore 2006b; Clore
2008; Clore and Iwahara 2009). If exchange between
major (NMR visible) and minor (NMR invisible) species
is fast on the PRE time scale (i.e. k., is much larger than
the difference in PRE rates for the two species), the
observed PRE, measured of the cross-peaks of the major
species, will be a population weighted average of the PRE
rates of the major and minor species. Under these con-
ditions, the footprint of the minor species will be mani-
fested in the PRE profiles observed for the major species
providing the distances between the paramagnetic center
and the protons of interest are significantly shorter in the
minor species than the major one. As a simple example,
consider a system comprising two species, A and B,
populated at 99 and 1%, respectively, with Mn*" para-
magnetic center-'H distances of 30 and 8 A, respectively
(Fig. 2). For a 30 kDa system, the corresponding PRE
rates will have values of ~2 and 5,600 s~ !, respectively.
In the fast exchange regime, the PRE rate measured on
the resonance of the major species will have a value of
~50 s, much larger than that expected for species A
alone (Iwahara and Clore 2006b).

The general experimental strategy used to probe sliding
and direct transfer by PRE involves measuring PRE
profiles at different salt concentrations for the transcrip-
tion factor bound specifically to DNA, with the para-
magnetic label placed at either end of the DNA. PREs
will be observed from the specific complex as well as
from any minor species that exchange rapidly with the
specific complex and come into close proximity with the
paramagnetic label (Iwahara and Clore 2006b). To dis-
tinguish contributions from sliding and direct transfer,
experiments are conducted on 1:1:1 mixtures of tran-
scription factor, specific DNA duplex and non-specific
DNA duplex (Iwahara and Clore 2006b; Takayama and
Clore 2011). When the paramagnetic label is located on
the non-specific DNA duplex (sample 1), any observed
PREs can only arise from direct transfer from the specific
duplex to the non-specific duplex and back to the specific
duplex (Fig. 3 left). When the paramagnetic label is
located on the specific duplex (sample 2), however,
contributions from both intra and intermolecular translo-
cation will be present as the protein can directly hop
between DNA molecules bearing the specific site (Fig. 3
right). Thus, if the ratio of a given PRE for sample 2 to
sample 1 has a value greater than 1 outside any regions
where the PREs can be directly attributable to the specific
complex, that PRE must arise from both intra and inter-
molecular translocation.
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Fig. 2 Detecting transient sparsely-populated states by PRE.

a Schematic diagram of a two-site exchange system in which the
distance between the Mn>" paramagnetic probe (green circle) and the
proton of interest (red circle) is 30 A in the major species populated
at 99%, and 8 A in the minor species populated at 1%. b Effect of
exchange of the lineshape of the resonance of the major species A in
the presence (red) and absence (black) of the PRE. The resonances of
the major and minor species are located at —50 and = 50 Hz,
respectively of the carrier frequency. Reproduced from Iwahara et al.
(2006) published in Nature (MacMillan Press) while the authors were
US Government employees at the National Institutes of Health
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specific DNA D ?

?

Intermolecular
translocation only

non-specific DNA

Inter- and intramolecular
translocation

Fig. 3 Strategy for dissecting sliding and direct transfer. Two
samples are employed comprising an equal mixture of specific and
non-specific DNA. In sample 1, the non-specific DNA bears the
paramagnetic label (red circle) so that any observed PRE effects can
only arise from direct transfer. In sample 2, the specific DNA contains
the paramagnetic label so that both sliding and direct transfer
contribute to the PRE. The protein (shown in orange) occupies the
specific site (blue) the vast majority of the time. Adapted from
Iwahara et al. (2006) published in Nature (MacMillan Press) while the
authors were US Government employees at the National Institutes of
Health
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Non-specific protein-DNA interactions probed
by PRE and RDCs

To date there are three examples of the use of the PRE to
study non-specific DNA binding, the first involves the
minor groove binding architectural factor HMGB-1A
(Iwahara et al. 2004b), the second the major groove bind-
ing homeodomain HoxD9 (Iwahara et al. 2006), and the
third the bi-domain transcription factor Octl (Takayama
and Clore 2011). In non-specific complexes, the protein
can bind to multiple sites on the DNA. For a given DNA
binding domain, the number of binding sites is equal to
(N—X+1) x 2, where N is the number of basepairs,
X the size of the binding site in units of base pairs, and the
factor of 2 is due to the fact that non-specific binding
involves two equivalent orientations of the protein on the
DNA related by a 180° rotation. There may even be more
non-specific sites, albeit with progressively weaker affinity,
if the protein can still bind to sites of reduced length. Since
exchange between the different binding sites is fast, the
observed PRE profiles will be a weighted average of all
binding configurations. In each example studied, very large
PREs are observed in structural elements that can come
into close proximity with the paramagnetic label; and
equally importantly, the PREs observed with the para-
magnetic label placed at either end of the DNA are gen-
erally very similar.

A comparison of PRE profiles for specific and non-
specific HoxD9-DNA complexes at 20 mM NaCl is shown
in Fig. 4 (Iwahara et al. 2006). With the paramagnetic
labels placed at either end of a 24 bp DNA duplex, very
small PRE effects are observed for the specific complex

Specific complex

A
120 + red: Mn2+ at site I T
. 2+ i
100 | blue: Mn2+ at site I1 ]
I'ﬂ. 80 [
N 60
[
40
20 1
o' -
0 ﬂ:—m

10 20 30 40 50 60
Homeodomain Residue

Fig. 4 PREs observed for a specific and b non-specific complexes of
HoxD9 with a 24 bp DNA duplex. In each instance, the paramagnetic
label was placed at each end (individually) of the DNA duplex (24 bp
in length) (denoted by sites I and II in the figure). In the specific
complex, the paramagnetic labels are too far away from HoxD9
bound to the central 6 bp of the DNA duplex. In contrast, large PREs
are observed for the non-specific complex, since a large number of
non-specific complexes in rapid exchange with one another are
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with maximum values <20 s~ (Fig. 4a), consistent with
the Mn®>"—'Hy distances in the structure of the specific
complex. For the non-specific complex, however, large
PREs are observed with the cross-peaks for residues
located in the N-terminal tail and the N-terminal ends of
helices 1 and 2 broadened beyond detection, and as
expected the PRE profiles obtained with the paramagnetic
label placed at either end of the DNA are very similar
(Fig. 4b).

Residual dipolar couplings (RDCs) provide comple-
mentary information to the PREs and yield additional
structural insights on dynamic ensembles of non-specific
protein-DNA complexes. In the case of proteins that do not
significantly bend the DNA, phage pfl induced alignment
is dominated by the electrostatic properties and shape of
the DNA such that the principal axis of the alignment
tensor closely coincides with the long axis of the DNA. The
net result is that RDCs measured on a dynamic ensemble of
non-specific protein-DNA complexes are highly correlated
with those measured for the corresponding specific com-
plex, indicating that the orientation of the protein with
respect to the long axis of the DNA is basically the same in
specific and non-specific complexes (Iwahara et al. 2006;
Takayama and Clore 2011). Thus, one-dimensional diffu-
sion of a protein along the DNA occurs by rotation-coupled
sliding in which the protein tracks the grooves of the DNA.
This was subsequently confirmed by single molecule
fluorescence experiments (Blainey et al. 2009; Finkelstein
et al. 2010; Gorman et al. 2010).

In the case of Octl, the RDCs provide yet further
information (Takayama and Clore 2011). At low salt, the
RDCs for both the POUg and POUyp domains measured

Non-specific complex

B
120 1 red: Mn2+ at site I T
100 b ‘ blue: Mn2+ at site 11 ]
80 | } g
60 [ fy h |
40 by 4 1

. « 4 .

20 * . .*i ] e
ol :.m.. “ttong’y ¢ i* vy 1

10 20 30 40 50 60
Homeodomain Residue

sampled, some of which come into very close proximity to the
paramagnetic labels. The observation that the non-specific PRE
profiles are very similar when the paramagnetic label is placed at
either end of the DNA indicates that the protein samples two
orientations related by a 180° rotation with respect to the long axis of
the DNA. Adapted from Iwahara et al. (2006) published in the
Proceeding of the National Academy of Sciences while the authors
were US Government employees at the National Institutes of Health
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Fig. 5 Intermolecular PREs observed for the specific HoxD9/DNA
complex at low (20 mM) and high (100 and 150 mM) NaCl
concentrations corresponding to the slow and fast PRE exchange
regimes. a DNA sequence employed with the specific site boxed and
the four paramagnetic labeling sites indicated. (Note the sites are
labeled one at a time). b Diagrammatic representation of the ground
state representing the specific complex and the transiently sampled
states, generated by sliding, involved in the target search process.
Agreement between observed and calculated PREs (based on the

crystal structure of the Antennapedia homeodomain/DNA complex)
at ¢ low and d high salt. PRE profiles observed for the four
paramagnetic sites at low (e) and high (f) salt. PREs at low and high
salt mapped onto the structure of the specific complex are shown as
insets in (e) and on the right of the PRE profiles in (f), respectively.
Adapted from Iwahara et al. (2006) published in Nature (MacMillan
Press) while the authors were US Government employees at the
National Institutes of Health
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Fig. 6 Discriminating sliding and direct transfer for the HoxD9/DNA
complex by PRE. a PRE profiles and PRE ratios obtained for two
samples comprising an equal mixture of specific and non-specific
DNA in which the paramagnetic label was placed either on the
specific DNA (sample 2) or on the non-specific DNA (sample 1).
The paramagnetic label is positioned at one end of the DNA, which,
in the case of the specific duplex, corresponds to site 4 in Fig. 5a.
PREs in sample 1 can only arise from direct transfer from the specific
DNA duplex to the non-specific DNA duplex and back again (see
Fig. 2). In sample 2, both sliding and direct transfer contribute to the
PREs (see Fig. 2). The ratio of the PREs for sample 2 to sample 1
enable one to assess the contribution of sliding on top of direct
transfer to the observed PREs. b Sample 2 to sample 1 PRE ratios

for the non-specific complex are highly correlated with
those measured for the specific complex, indicating that the
orientations of the POUg and POUyp domains relative to
the long axis of the DNA are the same for specific and non-
specific complexes. At higher salt, however, the correlation
for the POUyp domain is preserved while that for the
POUg domain is not. 'Hx/"’N chemical shift perturbations
as a function of salt and non-specific DNA display a co-
linear dependence indicating that that at high salt the POUg
domain is partially dissociated from the DNA and exists in
dynamic equilibrium between direct contact and tethered
states. Thus, in the tethered state the POUg domain is not
itself directly bound to the DNA but its distance from the
DNA is limited by the length of the linker connecting the
POUg and POUyp domains, as the POUyp domain remains
directly bound to the DNA.

Transient exchange between specific and non-specific
binding revealed by PRE

The PRE has been used to study rapid transient excursions
between a specific complex and non-specific binding
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color coded on the structure of HoxD9 diffusing along the DNA by
rotation-coupled sliding with HoxD9 in the specific site shown as a
solid ribbon, and in two non-specific sites as transparent ribbons. The
larger ratios observed for helices 2 and 3 are due to a memory effect:
sliding starting from the specific complex allows helices 2 and 3 to
come into close proximity to the paramagnetic label located at site 4
(cf. Fig. 5a), whereas the N-terminal tail can only come into close
proximity to the paramagnetic label following an intermolecular
translocation event accompanied by a 180° change in binding
orientation on the DNA containing the specific site. Adapted from
Iwahara et al. (2006) published in Nature (MacMillan Press) while the
authors were US Government employees at the National Institutes of
Health

modes arising from sliding and direct transfer in two cases,
the homeodomain HoxD9 (Iwahara and Clore 2006b) and
Octl (Takayama and Clore 2011). In both instances the
ratio of the non-specific to specific equilibrium dissociation
constants is >100. Thus, in the context of a DNA duplex
containing the specific site the population of transient non-
specifically bound complexes arising from sliding and
direct transfer is less than 1% of the population of specific
complex, and therefore only the spectrum of the specific
complex is directly observed.

At low salt (20 mM NaCl), the PRE profiles observed
for HoxD9 arising from paramagnetic labels placed at four
different sites on a 24mer DNA duplex (Fig. 5a) are fully
consistent with the crystal structure of the complex, with a
PRE Q-factor of only 0.26 (Fig. 5c, e). However, at 100
and 150 mM NaCl, despite the fact that the '"H-1>N cor-
relation spectrum of HoxD9 is essentially unperturbed,
very large PREs are observed (Fig. 5f) and agreement
between observed and calculated PREs is very poor
(Q factor = 0.66, Fig. 5d). Moreover, the PREs observed
for symmetrically placed labels at opposite ends of the
DNA duplex (sites 1 and 4, and sites 2 and 3) are virtually
identical to one another (Fig. 5f). These large PREs are due
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Fig. 7 Model for the predominant translocation processes involving
the POUg and POUyp domains of Octl derived from PRE measure-
ments. In the target search process for the specific DNA binding site,
POUg is predominantly involved in direct transfer, while POUyp
slides along the DNA. Reproduced from Takayama and Clore (2011)
published in the Proceeding of the National Academy of Sciences
while the authors were US Government employees at the National
Institutes of Health

to transient sparsely-populated, NMR “invisible” states,
arising from a combination of sliding (Figs. 1, 5b) and
direct transfer (Fig. 1b).

When experiments with HoxD9 are conducted with
samples containing an equal mixture of specific and non-
specific DNA duplexes, with the paramagnetic label loca-
ted either on the non-specific duplex (sample 1) or on the
specific duplex at site 4 (sample 2), very similar PRE
profiles are observed (Iwahara and Clore 2006b) (Fig. 6).
The ratios of the sample 2 to sample 1 PREs for the
N-terminal tail have values of ~ 1 (Fig. 6a, bottom panel),
indicating that the N-terminal tail is predominantly
involved in direct transfer. In contrast, the ratio of the
sample 2 to sample 1 PREs for residues in helices 2 and 3
have values ranging from 1.5 to 2 (Fig. 6a, bottom panel),
providing direct evidence for the existence of sliding in
addition to direct transfer. The reason that the PREs for
helices 2 and 3 but not the N-terminal tail are larger in
sample 2 than sample 1 is due to the fact that sliding
starting from the specific complex allows helices 2 and 3 to
come into close proximity to the paramagnetic label at site
4 (cf. Fig. 5a), whereas the N-terminal tail is always distant
from the label in this orientation. The only way that the

N-terminal tail can come into close proximity to the
paramagnetic label is following an intermolecular translo-
cation event accompanied by a 180° change in binding
orientation on the DNA containing the specific site.

Unlike HoxD9 which is a single domain DNA binding
protein with an N-terminal tail, Oct 1 has two globular
domains, POUg and POUyp, connected by a relatively short
linker. PRE measurements reveal that the two domains of
Octl play distinct and complementary roles in intra- and
intermolecular translocation processes (Takayama and
Clore 2011). In contrast to HoxD9 where no evidence for
transient species arising from sliding or direct transfer
could be detected at low salt, both sliding and direct
transfer of Octl can be observed by PRE at low salt. As the
salt concentration increases, the magnitude of the PREs is
progressively increased while leaving the PRE profiles
essentially unaltered. This is due to electrostatic screening
resulting in enhanced sliding and direct transfer. (i.e. salt
either increases the exchange rate between Octl located at
specific and nonspecific DNA sites and/or increases the
population of sparsely-populated nonspecific sites). PRE
experiments with samples comprising equal mixtures of
specific and non-specific DNA, with the label placed either
on the non-specific duplex or at the two ends (separately)
of the specific duplex, reveal distinct roles for the two
domains in the target search process (Fig. 7). The POUgp
domain largely searches the DNA by sliding. The POUg
domain, on the other hand, serves as an antenna to promote
direct transfer. Transfer from one DNA molecule to
another occurs via a bridged intermediate formed when the
POUg domain latches onto to a second DNA molecule.
Once this intermediate is formed, the probability of com-
pleting the direct transfer of Octl by dissociation of the
POUyp domain from the first DNA molecule followed by
reassociation with the second is significantly enhanced as
this involves a first order process. Thus cross-talk between
the POUg and POUyp domains, each fulfilling distinct but
complementary components of the search process, pro-
motes efficient exploration of the DNA landscape to
enhance the rate at which the specific site is located
(Takayama and Clore 2011). These experimental results are
in complete agreement with theoretical calculations based
on coarse-grained simulations (Vuzman et al. 2010b).

Concluding remarks

Recent developments in NMR, including paramagnetic
relaxation enhancement, residual dipolar couplings and
z-exchange spectroscopy, have shed significant light on the
mechanisms whereby transcription factors are able to
locate their specific target site within an overwhelming sea
of non-specific sites. PRE measurements combined with
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RDCs provided the first direct demonstration of rotation-
coupled sliding whereby a protein can diffuse in one-
dimension by tracking the grooves of the DNA, confirming
a large body of indirect evidence afforded by traditional
kinetic data. Further, PRE measurements together with
z-exchange spectroscopy provided the first direct demon-
stration of direct transfer of a protein from one DNA
molecule to another without ever dissociating into free
solution. Many questions still remain regarding how
interactions between multiple transcription factors and the
presence of other proteins on the DNA (such as chromatin)
impact the target search process. The NMR techniques and
experimental design briefly described in this perspective
promise to shed significant light and insights on these
questions.
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