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The intra- and intermolecular translocation processes whereby the
bi-domain transcription factor Oct1 searches for its specific DNA
target site have been investigated by residual dipolar coupling
(RDC) and paramagnetic relaxation enhancement (PRE) measure-
ments. The RDC data show that the orientation of the POUg and
POU,p domains of Oct1 relative to the long axis of the DNA is
the same for specific and nonspecific complexes with DNA. In
the context of the specific Oct1-DNA complex, sparsely-populated,
spectroscopically “invisible” states reveal their footprints on the
PRE profiles observed for the specific complex. Analysis of the
PRE data indicates that the POU,;p, domain searches the DNA pri-
marily by rotation-coupled sliding (intramolecular translocation),
while the POUs domain functions as an antenna to promote inter-
segment transfer via intermolecular translocation. The latter in-
volves the formation of a bridged intermediate in which the POUyp
domain is located on the first DNA molecule and the POUg domain
on the second. The formation of the bridge intermediate promotes
the completion of intermolecular translocation of Oct1 via a first
order process involving dissociation and association of the POUyp
domain from one DNA molecule to another. Thus cross-talk be-
tween the POUg and POU,; domains, each fulfilling different and
complementary components of the search process ensures efficient
sampling of DNA, thereby facilitating the location of specific Oct1
target sites.

multidomain protein-DNA recognition | direct transfer | one-dimensional
diffusion | nuclear magnetic resonance spectroscopy

he target search process whereby transcription factors locate

their specific DNA binding sites within a sea of nonspecific
DNA generally proceeds via three mechanisms: jumping, sliding,
and intersegment or direct transfer (1-5). Jumping involves dis-
sociation of the protein from the DNA into free solution followed
by reassociation at another site on the DNA. In sliding, nonspe-
cific DNA binding is followed by intramolecular translocation
via 1D diffusion along the DNA. Finally, intersegment transfer
or intermolecular translocation involves direct transfer of the
protein from one DNA site to another either on a distant site
(>150 bp away) on the same DNA molecule or on another
DNA molecule via a bridged complex without dissociation into
free solution. We have previously made use of NMR paramag-
netic relaxation enhancement (PRE) and z-exchange spectro-
scopy to directly demonstrate the occurrence of both sliding and
intersegment transfer in a single domain DNA binding protein,
namely the homeodomain transcription factor HoxD9 (6, 7).
Both processes manifest themselves as sparsely-populated (<1%),
spectroscopically invisible states whose footprints are observed
on the PRE profiles of the predominant (>99%) species, namely
the specific complex (6). Further, residual dipolar coupling
(RDC) data on nonspecific complexes demonstrated that the
orientation of HoxD9 on the DNA is maintained during the slid-
ing process (8); that is HoxD9 tracks the grooves on the DNA
in what can be termed rotation-coupled sliding (9). Many tran-
scription factors, however, comprise two or more DNA binding
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domains connected by linkers of variable length, and the question
arises as to the nature of the interplay between the DNA binding
domains and intra- and intermolecular translocation processes.

A classic example of a bi-domain DNA binding protein is the
transcription factor Octl (10) that plays a critical role in neural
development, cell growth, and differentiation (11, 12). Oct1 com-
prises two helix-turn-helix DNA binding domains, namely the
specific domain POUg and the homeodomain POUy, connected
by a flexible (~23 residue) linker (13, 14). Recent experiments
employing z-exchange NMR spectroscopy have shown that, in
addition to jumping, the two domains undergo direct transfer
between specific sites located on different DNA molecules inde-
pendently of one another, with POUg undergoing exchange
between specific sites a factor of about 1.5 times faster than
POUyp (15). Here we make use of PRE and RDC measurements
to characterize the mechanism of Octl translocation on DNA.
We show that translocation of Octl on the DNA predominantly
involves sliding of POUyp and intersegment transfer of POUs.
The data directly demonstrate the existence of transient, spar-
sely-populated bridging complexes involving two molecules of
DNA, and suggest that POUg (whose affinity for DNA is less than
that of POUyp) serves as an antenna to capture the second
molecule of DNA followed by intersegment transfer of POUyp
from the first to the second DNA molecule.

Results and Discussion

Interaction Between Oct1 and 24-bp DNA Duplexes. The interaction
between Octl and 24-bp DNA duplexes with and without the
specific binding site were studied by fluorescence anisotropy
and heteronuclear NMR spectroscopy. The sequences of the two
DNA duplexes are shown in Fig. 14. The sequence of the specific
site (boxed in Fig. 14, top) is that from the Hoxb! regulatory ele-
ment (11, 16). The nonspecific DNA duplex was derived from the
specific DNA duplex by introducing six mutations in the specific
binding site (displayed in red in Fig. 14, bottom). The K, for the
binding of Octl to the 24-bp specific DNA duplex is 16 nM at a
salt concentration of 150 mM NaCl (15). The six DNA mutations
reduce the affinity by two orders of magnitude, and the K, for the
nonspecific 24-bp DNA duplex determined by fluorescence ani-
sotropy is 1.8 + 0.5 pM at 150 mM NaCl (Fig. S1). The 'Hy />N
chemical shifts of the specific and nonspecific complexes are dis-
tinct from one another (Fig. 1D, top left) and from the spectrum
of free Oct1 (Fig. 1D, bottom). (Assignments of the 'H-N cross-
peaks for the nonspecific complex are shown in Fig. S24). The
largest 'Hy/">N chemical shift differences between specific
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Fig. 1. Interaction of Oct1 with 24-bp specific and nonspecific DNA du-
plexes. (A) Specific (top) and nonspecific (bottom) duplexes used in the cur-
rent study. The red and blue bars along the specific DNA duplex indicate the
bases involved in specific interactions with the POUs and POUyp, domains,
respectively, of Oct1 within the Hoxb1 promoter (16); the specific interactions
are limited to an 8 bp segment of DNA (boxed) but interactions with the
phosphate backbone extend a little further (dashed box). The bases marked
in red in the nonspecific sequence indicate sites that were mutated relative to
the specific duplex. (B) Mode of interaction of Oct1 observed crystallographi-
cally in the H2B (10CT), PORE (1HFO0), and MORE (1E30) complexes (14, 21).
The H2B site comprises a single octameric binding site similar to that in the
Hoxb1 promoter, whereas PORE and MORE comprise two adjacent Oct1 bind-
ing sites in 15 and 12 bp sequences, respectively. (C) The relative orientation
of the POUs and POU,p domains on the H2B and PORE sites is the same but
different from that on the MORE site. The structures are superimposed on the
POU,p domain (blue) with the POUs domain of H2B, PORE, and MORE in
purple, green, and cyan, respectively. Note that the orientation of the
POUs domain of MORE relative to the long axis of the DNA is approximately
the same as that in the H2B/PORE complexes. (D) Comparisons of the "H-">N
TROSY correlation spectra of free and complexed Oct1: top left, specific
(black) and nonspecific (red) complexes; top right, Oct1 in the presence of
the specific duplex (black) and an equimixture of specific and nonspecific
duplexes (purple); bottom left, nonspecific complex vs. free Oct1; bottom
right, specific complex vs. free Oct1. The concentrations of protein and
DNA are 0.2 and 0.3 mM, respectively.

and nonspecific complexes at low salt involve regions in close
contact with the DNA (14, 16), in particular helices 2-4 of the
POUg domain, the linker connecting POUg and POUyp, and
helices 1’ and 3’ of the POUyp domain (Fig. S3), and reflect
the different base sequences in contact with Oct1 (i.e., a specific
set of base pairs for the specific complex vs. multiple binding sites
for the nonspecific DNA). When both specific and nonspecific
duplexes are present at a 1.5-fold excess over Octl, the spectrum
is identical to that of the specific complex (Fig. 1D, top right),
indicating, as expected, that Octl is located predominantly
(>99%) on the specific DNA. On the chemical shift time scale,
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exchange between free and bound Octl is in the slow exchange
regime for the specific complex and in the fast exchange regime
for the nonspecific complex.

Structure and Orientation of POUs and POU,, Domains on the Specific
and Nonspecific DNA Duplexes. The structure and orientation of the
POUg and POUyp domains of Octl bound to the specific and
nonspecific DNA duplexes were assessed by means of backbone
amide (!Dyy) RDCs measured in a liquid crystalline medium of
phage pfl [11 mg/mL; (17, 18)]. The RDCs are dependent on the
orientation of the N-H bond vectors relative to the alignment
tensor and therefore provide an extremely sensitive indicator
of structural perturbations (19).

Singular value decomposition (SVD) fitting of the RDCs (20)
to the coordinates of the individual POUg and POUyp domains
of Octl (21) yield RDC R-factors (defined in Table 1; ref. 22) of
less than 22% for both the specific and nonspecific complexes
(Table 1), indicating that the structures of the individual domains
in both complexes are unchanged relative to those in the crystal
structure. These conclusions are confirmed by the similarity of
the backbone ¢/y torsion angles for the two complexes derived
from backbone chemical shifts using the program TALOS+ (23)
(Fig. S2B).

In the case of protein-DNA complexes involving unbent DNA,
the alignment tensor in a charged liquid crystalline medium is
dominated by the shape and charge distribution of the DNA,
and the principal axis of the alignment tensor lies approximately
parallel to the long axis of the DNA (8). For the specific Oct1-
DNA complex the RDCs at low (0 mM NaCl) and high (150 mM
NaCl) salt are highly correlated to one another (correlation coef-
ficient r = 0.97 for the POUg and POUyp domains combined;
Fig. 2B, left) indicating that the relative orientation of the POUjg
and POUyp domains to the long axis of the DNA is unperturbed
by salt. For the nonspecific Octl-DNA complex (Fig. 2B, right),
however, the RDCs for the POUyp domain at low and high salt
are highly correlated (r = 0.89), while those for the POUg do-
main are poorly correlated (r = 0.58). Further, while the RDCs
for the specific and nonspecific Oct1-DNA complexes are highly
correlated (r = 0.95 for POUyp and 0.83 for POUy) at low salt
(Fig. 2C, left), only the RDCs for the POUyp domain are well
correlated at high salt (» = 0.88 for POUyp vs. 0.35 for POUsg;
Fig. 2C, right). Thus, at low salt, the orientation of the POUg and
POUyp domains relative to the long axis of the DNA is very
similar in the specific and nonspecific Oct1-DNA complexes. At
high salt, however, only the orientation of the POUyp domain
with respect to the long axis of the DNA is unperturbed in the
nonspecific Octl-DNA complex relative to that in the specific
Oct1-DNA complex; the POUg domain, on the other hand, must
undergo some type of conformational rearrangement, for exam-
ple partial dissociation from the DNA (see below).

There are three crystal structures of Octl-DNA complexes:
the H2B complex involves an octamer binding site occupied
by a single molecule of Octl (14), while the PORE and MORE
complexes involve longer DNA target sites (15 and 12 bp, respec-
tively) occupied by two molecules of Octl (21) (Fig. 1 B and C).
The relative orientation of the POUg and POUyp domains with-
in a single molecule of Octl is the same in the H2B and PORE
complexes (Fig. 1C). In the case of the MORE complex, however,
a very different intramolecular orientation of POUg to POUyyp, is
found (Fig. 1C), but interestingly the intermolecular orientation
of POUyp of one molecule of Octl and the POUg domain of
the second molecule is similar (but not identical) to the intramo-
lecular orientation observed in the H2B and PORE complexes.
SVD fitting of the RDCs to the three crystal structures indicates
that the orientation of the POUg and POUyp domains in the
specific Oct1-DNA complex is the same as that found in the H2B
and PORE complexes (RDC R-factors of 17-19%; see Table 1
and Fig. 2D left, top, and bottom).

Takayama and Clore
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Table 1. SVD analysis of backbone 'Dy,, RDCs for the specific and nonspecific Oct1-DNA complexes at 0 and 150 mM NaCl *
0 mM NacCl / 150 mM Nacl*

Number of RDCs Euler angles (°)* DNH (Hz) Rhombicity R-factor (%)*
¢ 0 W
Oct1-DNA specific complex
Individual domain SVD fits
POUq 37/35 98/98 82/80 119/116 -16.9/ - 14.6 0.29/0.33 20.9/21.9
POUyp 37/35 99/96 86/80 125/121 -17.3/-14.7 0.29/0.34 13.0/15.7
Oct1 global SVD fits
H2B 74/70 99/97 84/80 123/121 -16.8/ - 14.7 0.30/0.35 17.0/18.4
PORE 74/70 99/97 87/84 121/116 -17.3/-14.9 0.30/0.35 16.8/18.7
MORE 74/70 94/94 85/84 120/107 -17.9/-156 0.10/0.18 21.9/24.3
Oct1-DNA nonspecific complex
Individual domain SVD fits
POUq 46/43 99/119 77/74 119/13 -13.0/ - 121 0.30/0.38 19.5/19.0
POUyp 39/30 101/90 88/79 115/101 -12.4/-121 0.37/0.21 21.8/20.6
Oct1 global SVD fits
H2B 85/73 99/100 76/70 121/18 -11.8/-11.9 0.37/0.37 24.9/33.6
PORE 85/73 99/101 81/74 120/163 -12.1/-11.9 0.35/0.35 22.7/37.8
MORE 85/73 97/106 94/100 271/222 —-135/-11.7 0.17/0.15 27.5/35.1

*The coordinates of the POUs and POUy,, domains from the 1.9 A resolution MORE structure [1E30; (21)], with protons added in standard stereochemistry
and geometry, are best-fitted onto the coordinates of the lower resolution H2B (10CT; 3 A resolution) and PORE (1HFO; 2.7 A resolution) complexes (14,
21), and used for SVD analysis. Using this approach the differences in RDC R-factors and parameters of the alignment tensor reflect only differences in
relative orientation of the POUs and POUp; domains. The R-factors for the individual domains using the MORE coordinates fall within the range expected
for 1.5-2 A resolution crystal structures (16, 19). (Note the R-factors for the individual domains using the coordinates of the two lower resolution crystal
structures are somewhat higher, reflecting larger errors and uncertainties in the atomic positions of the N-H bond vectors).

The first number lists the values obtained from the 0 mM NaCl; data, the second number the values obtained for the 150 mM NaCl data.

*The POU,p, domain is positioned in the same molecular frame throughout. In the fits to the individual domains, the Euler angles are calculated with the
orientation of POUs relative to POU,; set to that in the H2B/PORE configuration.

5The RDC R-factor is defined as the ratio of the rms difference between observed and calculated RDCs to the expected rms if the N-H bond vectors were
oriented completely randomly. The latter is given by [2D,2(4 + 35)/5]"/? where D, is the magnitude of the alignment tensor and 1 the rhombicity (22).

Likewise, the orientation of the POUg and POUyp domains
relative to the long axis of the DNA in the nonspecific octl-
DNA complex at low salt is also very similar to that in the H2B
and PORE complexes with a RDC R-factor of 23-25% (see
Table 1 and Fig. 2D, top right). Further the Euler angles obtained
for the fits to the individual domains and the fits to both domains
simultaneously in the H2B/PORE configuration are the same
within error. This result indicates that (i) for each nonspecific
site, the binding orientation of the POUg and POUyp domains
relative to the long axis of the DNA is preserved, (if) end-effects
are minimal, and (iii) the negatively charged DNA dominates
pfl-induced alignment such that the alignment tensor (which is
close to axially symmetric) is minimally sensitive to the location of
the POUg and POUyp domains along the DNA. Similar obser-
vations were previously made for the single homeodomain tran-
scription factor HoxD9 (8). The distance, however, between the
POUg and POUyp domains must be free to vary because there
are no interdomain contacts to fix one domain relative to the
other, the only constraint being the length of the 23 residue linker
which can accommodate a wide range of spacing. Thus, these
data indicate that each domain of Octl translates along the DNA
grooves independently of each other by rotation-coupled sliding.

At high salt, however, the SVD fit of the RDCs for the non-
specific Octl-DNA complex agree poorly with the X-ray struc-
tures (RDC R-factor of 33-38%; see Table 1 and Fig. 2D, bottom
right). This finding is as expected given that the RDCs for the
POUg domain in the nonspecific complex at high salt are so
poorly correlated with those of either the specific complex or
the nonspecific complex at low salt (Fig. 2 B and C, right). It
should be noted that the poor agreement between observed and
calculated RDCs for the nonspecific Octl-DNA complex at
high salt cannot be attributed to the presence of free Octl as
the population of unbound Octl is less than 2% under the experi-
mental conditions employed, and therefore will not contribute in
any significant way to the measured RDCs (24).

Takayama and Clore

To further understand the binding of Octl to nonspecific
DNA under high salt conditions we monitored the perturbation
in backbone 'Hy/'"N chemical shifts (Ayn = [A(6'Hy)?
+A(6'"N)?]'/2 in Hz) as a function of added salt and nonspecific
DNA. Negligible Ay perturbations are observed for the specific
Oct1-DNA complex upon addition of NaCl (Fig. 3 4 and B, left ,
and Fig. S44). For the nonspecific Oct1-DNA complex, however,
large salt-induced Ay N perturbations are observed for the POUg
domain and linker, but not the POUyp domain which is largely
unaffected by salt (Fig. 3 4 and B, right, and Fig. S4B). Because
the affinity of the isolated POUg domain for its cognate DNA
target site is less than that for the isolated POUyp domain (25),
these data, together with the RDC data presented above, suggest
that at high salt the POUg domain is partially dissociated from
nonspecific DNA while the POUyp domain remains anchored
to the DNA. This conclusion was further addressed by titrating
nonspecific DNA into an Octl solution at 150 mM NaCl. The
shifts induced by addition of salt (Fig. 3B, right) and nonspecific
DNA (Fig. 3C) display a colinear relationship, thereby enabling
one to assess the fraction of POUg that is locally dissociated from
the DNA in the high salt nonspecific Oct1-DNA complex. Assum-
ing that the POUg domain in the context of Oct1 is 100% bound to
the nonspecific DNA duplex at 0 mM NacCl, the fraction of POUg
that is locally dissociated at 150 mM NaCl is calculated to be 58%.

Translocation of Oct1 on DNA. Intra- and intermolecular transloca-
tion processes, (corresponding to rotation-coupled sliding and in-
tersegment transfer, respectively) of Octl bound to its specific
DNA target site involve short-lived, sparsely-populated (<1%)
states that sample nonspecific DNA binding sites. These phenom-
ena are readily probed by intermolecular PRE measurements
(6, 24, 26-28) in which the DNA is paramagnetically labeled with
dT-EDTA chelated to Mn?>* and PREs are observed on the
protein bound to the DNA (29) (Fig. 44). The PRE effect is pro-
portional to the (r~%) distance between the paramagnetic label
and the protons of interest (in this instance the backbone amide
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Fig.2. RDC analysis of the specific and nonspecific Oct1-DNA complexes in a
liquid crystalline medium of phage pf1. (A) 'Dy,, RDC profiles as a function of
residue at 0 (black) and 150 (red) mM NacCl for the specific (left) and nonspe-
cific (right) complexes. Note that the values of "Dy, for the linker residues
are close to zero suggesting that the linker is disordered. (B) Correlation of
measured RDCs at 0 and 150 mM NaCl for the specific (left) and nonspecific
(right) complexes. The data for the POUs and POUyp domains are displayed
as open and filled-in circles, respectively. (C) Correlation of measured RDCs
for the specific and nonspecific complexes at 0 (left) and 150 (right) mM Nacl.
(D) SVD analysis of the specific (left) and nonspecific (right) complexes at 0
(top) and 150 (bottom) mM NacCl. The coordinates of the individual POUs and
POU,p domains are taken from the 1.9 A resolution structure of the MORE
complex (1E30) and placed in the orientation found in the H2B (10CT)/PORE
(HFO) complexes. Protons were added and SVD analysis carried out using
Xplor-NIH (40). The axes of the alignment tensor relative to the DNA are dis-
played in each case; with the exception of the nonspecific complex at
150 mM Nadl, the principal axis (z) of the alignment tensor lies parallel to
the long axis of the DNA. At 150 mM Nacl, a small deviation between the
principal axis of the alignment tensor and the long axis of the DNA is ob-
served for the nonspecific complex owing to the fact that the POUs domain
is partially dissociated from the nonspecific DNA.

protons). In a fast exchanging system, the PRE observed on the
resonances of specifically bound Oct1 (the major species) will be
a population weighted average of the PREs for the specific com-
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Fig. 3. Results of salt and DNA titration experiments. (A) Backbone "Hy /"*N
amide chemical shift perturbation (Ay/y = [(Ad4)? + (A6y)?]"/2 in Hz at a
spectrometer frequency of 500 MHz) upon addition of salt (150 vs. 0 mM
NaCl) for the specific (blue) and nonspecific (red) complexes with regions
exhibiting significant (Ay,y > 50 Hz) salt-induced shifts for the nonspecific
complex color-coded in orange on the structure of the specific complex. The
salt-induced perturbations for the nonspecific complex are predominantly lo-
cated in the POUs domain and linker. (B) Selected region of the 'H-">N TROSY
correlation spectrum illustrating the behavior of the cross-peaks of Gly28 and
Gly35 upon titration of salt (0, 12, 40, 74, 122, and 150 mM NaCl) into the
specific (left) and nonspecific (right) complexes. (C) The same region of
the "H-">N correlation spectrum illustrating the effects of titration of nonspe-
cific DNA into Oct1 (0.2 mM) at 150 mM NaCl. The DNA:Oct1 ratios shown are
0:1,0.1:1,0.3:1, 0.5:1, 0.8:1 and 1:1; the spectra at ratios of 1.5:1, 2.5:1
and 4.5:1 are the same as that at a ratio of 1:1. Note that purple cross-peaks
in the right side of (B) and in (C) are identical and the chemical shift perturba-
tions in the two boxes follow a colinear relationship.

plex and the alternate states located outside the specific DNA
binding site. If the distances between the paramagnetic label
and the backbone amide protons in the sparsely-populated alter-
nate species are shorter than the corresponding distances in the
specific complex, the PRE profiles will bear the footprint of the
minor species (6, 28, 30). The transverse 'Hy-I", PRE relaxation
rates are obtained by taking the difference in transverse 'Hy-R,
relaxation rates between paramagnetic (Mn?*) and diamagnetic
(Ca?") states of the system (31). The 24-bp specific DNA duplex
was paramagnetically labeled at two sites separately, on either
end of the DNA (Fig. 44), and PREs recorded at 0 mM NaCl
(Fig. 4B, top) and higher salt (75 and 150 mM NaCl; Fig. 4B,
bottom). The PRE profiles mapped onto the structure of the
specific Oct1-DNA complex in the H2B/PORE configuration are
shown in Fig. 4C, and a summary of PRE Q-factors (32) for the
agreement between observed and calculated PRE profiles is
provided in Table 2 (see Materials and Methods for the definition
of the PRE Q-factor).

We first consider the PRE profiles at 0 mM NaCl (Fig. 4B,
top). When the label is located on the POUg side of the DNA
(site 1, Fig. 4B, left top), the overall experimental PRE profile
agrees well with that back-calculated for the specific Oct1-DNA
complex in the H2B/PORE geometry (PRE Q-factor = 0.35,
green line) but very poorly with that for the MORE geometry
(O-factor = 0.96, blue line). A more detailed examination, how-
ever, shows that while the PREs for the POUg domain agree
extremely well (Q-factor = 0.29) with those calculated for the
H2B/PORE geometry, the agreement for the POUyp domain
is actually poor in terms of Q-factor (Q = 0.95), although not
unreasonable in terms of rms difference between observed and
calculated PRE rates (3.2 s7!). This result is because no PREs are
predicted for the POUyp domain from the structure of the spe-
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Fig. 4. Intermolecular PRE profiles for the specific Oct1-DNA complex. (A)
The 24-bp DNA duplexes employed with the paramagnetic label
(dT-EDTA-Mn2+) located either at the POUs (site 1) or POU,p (site 2) sides of
the duplex. (B) Intermolecular PRE profiles for the paramagnetic label at sites
1 (left) and 2 (right) at 0 mM NacCl (top, black circles) and 75 (red circles) and
150 (cyan circles) mM NaCl (bottom). Error bars, 1 SD. The Oct1 and DNA con-
centrations are 0.4 and 0.44 mM, respectively. The back-calculated PREs for
Oct1 in the H2B/PORE (green) and MORE (cyan) configurations are displayed
as solid lines. Note the location of the POUp domain in the two configura-
tions is the same. The PREs are back-calculated in Xplor-NIH (40) using an
ensemble representation for the paramagnetic label (32). (C) Experimental
PRE profiles at 0 (top) and 150 (bottom) mM NaCl mapped onto the structure
of the specific complex in the H2B/PORE configuration (14, 21). The color scale
for the PRE "Hy-I", rates is shown at the bottom of the figure.

cific complex, whereas some small PRE effects (ranging from
5-10 s7!) are in fact observed at the N terminus of helix 1’ (re-
sidues 110-113) and the N and C termini of helix 2’ (residues 131
and 142) of the POUyp domain (Fig. 4B, top left). Thus,
although the POUyp domain clearly spends the vast majority
of its time bound to its cognate DNA target site, a small popula-
tion («1%) must sample alternate configurations that come close
to the paramagnetic label located at site 1. When the paramag-
netic label is placed on the POUyp side of the DNA (Fig. 4B,
top right), excellent agreement (Q-factor = 0.31) is obtained for
the POUyp domain, but very poor agreement is apparent for the
POUjg domain (Q-factor = 0.98) where large PREs ranging from
10-40 s~! are observed within helix 2 of POUg (residues 28-36)
but no PREs are predicted. Thus, the POUg domain must sample
states in close proximity to the paramagnetic label at site 2, with a
population that is significantly larger than the population of POUyp
states in close proximity to the paramagnetic label at site 1.
When the salt concentration is increased to 75 or 150 mM
NacCl (Fig. 4B, bottom), the magnitude of all the PREs is progres-
sively increased with the paramagnetic label positioned at either
sites 1 or 2, but the overall PRE profiles remain qualitatively
similar to those obtained at 0 mM NaCl. These findings reflect
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Table 2. Agreement between observed and calculated
intermolecular PREs for the specific Oct1-DNA complex

NaCl (mM) PRE Q-factor
H2B/PORE * MORE *
All POUs  POUp All POUs  POU,p

Site 1 (POUs side)
0 0.35 0.29 0.95 0.96 0.96 0.95
75 0.42 0.37 0.97 0.98 0.98 0.97
150 0.72 0.69 0.97 0.96 0.96 0.97

Site 2 (POUyp side)
0 0.71 0.98 0.31 0.72 0.99 0.31
75 0.71 0.97 0.36 0.72 0.99 0.36
150 0.69 0.98 0.33 0.70 0.99 0.33

*The POUyp domain in the H2B/PORE (14) and MORE (21) configurations
is located at the same position on the DNA. The position of Oct1 in the
H2B/PORE configuration on the 24-bp specific DNA duplex bearing the
specific octameric target site from the Hoxb1 regulatory element is taken
from the NMR structure of the Oct1-Sox2-Hoxb1 DNA ternary complex
(16). The entire experimental PRE profiles are best-fitted by optimizing
the position of the paramagnetic labels, represented by a three-member
ensemble, using simulated annealing (32). The definition of the PRE Q-
factor is provided in Materials and Methods.

screening of electrostatic interactions by salt resulting in en-
hanced sliding and intersegment transfer (i.e., the addition of
salt increases the exchange rate between Octl located at specific
and nonspecific DNA sites and/or increases the population of
sparsely-populated nonspecific sites).

In the case of the paramagnetic label at site 1, the quality of
agreement for the POUg domain is progressively decreased upon
raising the salt concentration (Q-factor = 0.37 and 0.69 at 75 and
150 mM Nadl, respectively) and new PRE effects are observed at
the N terminus (residues 8-12) of helix 1 of the POUg domain
(Fig. 4B, bottom left). These observations imply the existence of a
low population of states in which the orientation of the POUg
domain is flipped by 180° relative to that in the specific Octl-
DNA complex. The PRE profile for the POUyp domain is essen-
tially the same as that at 0 mM NaCl but a few PRE rates are now
increased in the range of 1020 s~!'. Indeed, the PRE effects
observed at the C terminus of helix 2 of POUyp also imply the
existence of states in which the orientation of POUyy, is flipped
by 180° relative to that in the specific Oct1-DNA complex.

With the paramagnetic label at site 2, the agreement with the
POUyp domain remains essentially unchanged as the salt con-
centration is increased (Q-factor = 0.33 at 150 mM NaCl; Fig. 4B,
bottom right) but closer examination would suggest that the slight
increase in PRE rates observed for the N-terminal residues of
helix 1 of POUyp confirms the existence of states with a 180°
reorientation relative to that in the specific Oct1-DNA complex.
For the POUg domain not only are the PREs within helix 2 in-
creased relative to those at 0 mM NaCl, but large PREs are now
also observed at the N terminus of helix 1. These PREs must arise
from states in the same orientation as the specific Octl-DNA
complex but translated along the DNA in the direction of site 2.

To analyze the contributions to the PRE profiles from intra-
(sliding) and intermolecular translocation we carried out a series
of experiments involving samples comprising an equal mixture
of specific and nonspecific DNA duplexes (6) (Fig. 5). In the first
set of PRE experiments (sample 1), the paramagnetic label was
placed on the nonspecific DNA (Fig. 54, top), and therefore any
PRE:s observed in the spectrum of the specific complex can only
arise from intermolecular translocation involving transient excur-
sions from the specific DNA to the nonspecific DNA and back
to the specific DNA. In the second set of experiments, the para-
magnetic label was placed on the specific DNA duplex, either on
the POUg side (Sample 2; Fig. 54, middle) or the POUyp, side
(sample 3; Fig. 54, bottom) with the nonspecific DNA unlabeled.
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Fig. 5. Intermolecular PREs arising from inter- and intramolecular translo-
cation. (A) DNA samples comprise an equimixture of specific and nonspecific
24-bp DNA duplexes. In sample 1, the specific DNA duplex is unlabeled
and the nonspecific DNA duplex bears the paramagnetic label. In samples
2 and 3, the nonspecific DNA duplex is unlabeled, and the specific DNA
duplex is paramagnetically labeled at either the POUs or POUyp sides of
the DNA, respectively. The PRE effects observed for sample 1 arise entirely
from intermolecular translocation, while those for samples 2 and 3 are given
by the sum of PREs arising from the specific complex and sparsely-populated
states sampled by intra- and intermolecular translocation processes. The con-
centrations of Oct1, specific DNA, and nonspecific DNA are 0.40, 0.44, and
0.44 mM, respectively. (B) Intermolecular PRE profiles at 0 (left) and 150
(right) mM Nacl, with intermolecular PREs from samples 1, 2, and 3 shown
as cyan, black, and red circles respectively (error bars, 1 SD). The veiled-
orange and blue shading indicates the regions in samples 2 (POUs domain)
and 3 (POU,p domain), respectively, arising from PREs to the Oct1 domains
bound to their specific target site. (C) Ratio of PRE rates for samples 2 or 3 to
sample 1 at 0 (left) and 150 (right) mM NaCl for residues with "Hy-I"; rates
>10 57" located in regions where the PREs arise from sampling of sparsely-
populated states (i.e., residues 1-108 comprising POUs and the linker for
sample 3; and residues 80-163 comprising the linker plus POUy, for sample
2). For I'y(samples2or3)/I;(sample 1) ~ 1, the PRE effects arise predomi-
nantly from intermolecular translocation; I',(samples2or3)/I';(sample 1)
ratios larger than 1 indicate contributions from both intramolecular and in-
termolecular translocation where the contribution from the latter is provided
by the PRE profile for sample 1. (D) Mapping of I'; ratios at 0 (left) and 150
(right) mM NaCl shown in (C) mapped onto the structure of the specific com-
plex in the H2B/PORE configuration (14, 21). (E) Model for the predominant
translocation processes involving the POUs and POUyp domains of Oct1.
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The PREs observed in samples 2 and 3 will therefore comprise
effects arising from both intramolecular (i.e., sliding) and inter-
molecular translocation (arising from direct hopping of Octl be-
tween DNA molecules bearing the specific site), as well as PREs
arising directly from the specific complex itself. The latter will be
manifested on the POUg domain for sample 2 and the POUyp
domain for sample 3. Thus, if the ratio of a given PRE for samples
2 or 3 to sample 1 has a value greater than 1 outside regions
directly attributable to the specific complex, that PRE must arise
from both intra- and intermolecular translocation. The results of
these experiments are summarized in Fig. 5.

At both 0 and 150 mM NaCl, no significant intermolecular
PRE effects within the POUyp domain are observed for sample
1 with the exception of some small effects (I, = 5-10 s7!) at the
N terminus of helix 1’ and within helix 2" (Fig. 5B). Similar results
are also seen for a sample comprising a paramagnetically labeled
11-bp nonspecific DNA duplex and an unlabeled 16-bp specific
DNA duplex (Fig. S5). Thus, the POUyp domain remains largely
bound to the specific DNA duplex and transient intermolecular
translocation to the nonspecific DNA duplex occur only very rarely.
As noted above, in the experiments conducted with only the spe-
cific DNA duplex, a few PREs are observed on the POUyp domain
when the paramagnetic label is placed on the POUy side of the
duplex. The ratio of the sample 2 to sample 1 PREs within the
POUyp domain as well as the linker are greater than 1 (Fig. 5B,
top left) and these effects are increased substantially at 150 mM
NaCl (Fig. 5 B, top right, and C, bottom right). Thus, the POUyp
domain largely undergoes intramolecular translocation.

In contrast sizeable PREs within the POUg domain are ob-
served for sample 1 (Fig. 5B, as well as Fig. S5), and are increased
in magnitude upon increasing the salt concentration: at 0 mM
NaCl significant PREs are located within helix 2 of POUg
(Fig. 5B, left) but extend to helix 1 and the C terminus of helix
3 of POUj at high salt (Fig. 5B, right). At both low and high salt,
the ratio of the sample 3 to sample 1 PREs observed for the
POUg domain are equal to 1 within experimental error (Fig. 5C),
indicating that the PRE effects observed on the POUg domain
when the paramagnetic label is placed on the POUyp side of
the specific DNA duplex are largely due to intermolecular trans-
location.

Observation of Nonspecific Binding Site Sampling by PRE. Intermole-
cular PRE experiments were also conducted using a nonspecific
24-bp DNA duplex with the paramagnetic label located at either
end, denoted as sites 1’ and 2’ (Fig. 64). The observed PRE pro-
files obtained at sites 1’ and 2’ (Fig. 6 B and C) are qualitatively
similar with correlation coefficients of 0.40 and 0.59 at 0 and
150 mM Nadl, respectively (Fig. 6D). The effect of salt (i.e., elec-
trostatic screening) is largely to increase the magnitude of the
PREg, reflecting increased exchange rates between nonspecific
sites close and far from the paramagnetic labels. The regions that
exhibit PREs are all located in structural elements that are in
close proximity to the DNA (Fig. 6C), as expected from the
RDC data that indicate that the orientation of the domains
relative to the long axis of the DNA is essentially the same for
specific and nonspecific DNA binding (Fig. 3C, left). These data
indicate that the POUg and POUyp domains sample numerous
binding sites on the DNA in two approximately equally populated
orientations related by a 180° rotation with respect to the long
axis of the DNA.

Concluding Remarks

The chemical shift perturbation, RDC and PRE data indicate
that the orientation of the POUg and POUyp domains relative
to the long axis of the DNA is the same in both specific and non-
specific complexes of Octl with DNA. The intermolecular PRE
data indicate that both the POUg and POUyp domains in the
context of the specific Oct1-DNA complex sample sparsely-popu-
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Fig. 6. PRE profiles for the nonspecific Oct1-DNA complex. (A) 24-bp
nonspecific DNA duplex. The two sites chosen to covalently attach EDTA
to thymine (one site at a time) are shown in cyan. (B) PRE profiles at 0 (black,
top) and 150 (red, bottom) mM NaCl. Oct1 and nonspecific DNA concentra-
tions are 0.40 and 0.44 mM, respectively. (C) PRE profiles at 0 and 150 mM
NaCl mapped onto the structure of the specific Oct1-DNA complex in the
H2B/PORE configuration (14, 21). The color scale for the PRE I, rates is shown
below the structures. (D) Correlation of site 1’ and site 2’ PREs at 0 (left) and
150 (right) mM Nacl.

lated, transient states that are spectroscopically “invisible” and
occupy nonspecific DNA binding sites. From the ratio of the equi-
librium dissociation constants for specific and nonspecific DNA
binding of Octl, the population of the sparsely-populated states is
estimated as <1%. For both domains, orientations parallel and
antiparallel to that found in the specific Octl-DNA complex
are sampled. The key finding is that the transition from the spe-
cific Octl-DNA complex that is observed in the NMR spectrum
to the spectroscopically “invisible” states involve predominantly
intramolecular translocation by rotation-coupled sliding for the
POUyp domain but intermolecular translocation in the form
of intersegment transfer for the POUg domain. This finding is
consistent with the following observations: (i) in the nonspecific
Octl-DNA complex the POUg domain at high salt exists as an
approximately equal mixture of associated and dissociated states
while the POUyp domain remains fully associated; (ii) the affi-
nity of the isolated POUg domain for DNA is less than that of the
POUyp domain (25); and (iii) the direct intersegment transfer
rate between specific DNA binding sites located on different
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DNA molecules is ~1.5-fold faster for the POUg domain than
the POUyp domain (15).

Taken together, the data presented here suggest the following
model whereby Octl efficiently explores the DNA landscape to
locate its specific target site within an overwhelming sea of non-
specific sites. The POUyp domain largely searches the DNA
by sliding (i.e., intramolecular translocation), while the POUjg
domain acts as an antenna to promote intersegment transfer
via intermolecular translocation (Fig. 5E), in a manner that is
analogous to flycasting provided by the tails of single domain
transcription factors (33). Transfer from one DNA molecule
(or distantly located DNA segment) to another occurs via a
bridged intermediate that is formed by the POUg domain latch-
ing on to the second DNA molecule. Once this intermediate is
formed, the probability of completing intermolecular transloca-
tion of Octl by dissociation of the POUyp domain from the
first DNA molecule followed by association to the second DNA
molecule is significantly enhanced as this involves a first order
process. In essence, the affinity of the POUyp domain for DNA
is significantly larger than that of the POUy, (25) and the two
domains undergo dissociation/reassociation events from DNA
essentially independently of one another. The rate at which
the POUg domain can hop from one DNA molecule to another
is higher than that of the more tightly binding POUyp domain,
but once a ternary complex is formed with POUyp bound to the
original DNA molecule and POUg to the second DNA molecule,
the probability of POUyp hopping to the second DNA molecule
is increased significantly relative to the situation in which the
POUg domain would be absent. Thus, cross-talk between the
POUg and POUyp domains of Octl, each fulfilling distinct
and mutually complementary components of the search process,
is essential for efficient sampling. It is gratifying that the present
experimental results fully confirm the theoretical findings of re-
cent coarse-grained simulations on facilitated DNA searching by
multidomain DNA binding proteins in which intersegment trans-
fer was promoted by the weaker DNA binding domain (34).

Materials and Methods

Sample Preparation. The POU region (POUs + POU,p) of human Oct1 (resi-
dues 280-442) was expressed and purified as described previously (16). Uni-
form 2H/>N or 2H/'3C/'>N isotopic labeling was achieved by growing
Escherichia coli BL21-CodonPlus(DE3)-RIPL cells in minimal medium with
99.9% D, 0, d;-glucose or 3C, d;-glucose, and '>NH,Cl. Single-stranded un-
modified and EDTA- or rhodamine-conjugated DNA oligonucleotides were
purchased from Invitrogen Inc. and Midland Certified Reagents, respectively,
and purified by ion-exchange chromatography on a Mono-Q (GE Healthcare
Bioscience) column with a NaCl gradient in a buffer of 50 mM Tris-HCl, pH 7.5
and 1 mM EDTA. After annealing, DNA duplexes were further purified by ion-
exchange chromatography to remove any residual single-stranded DNA (29).
NMR samples were prepared in 10 mM Hepes, 94% H,0/6%D,0, pH 6.5.

NMR Spectroscopy. All NMR experiments were carried out at 303 K on Bruker
500 and 600 MHz spectrometers equipped with z gradient triple resonance
cryoprobes. Spectra were processed using NMRPipe (35), and analyzed using
the programs XIPP (in-house software written by D.S. Garrett) and NMRView
(36). "H, >N, and '3C backbone resonances of Oct1 bound nonspecifically to
DNA were assigned using transverse relaxation optimized (TROSY) versions
(37, 38) of conventional 3D triple resonance correlation experiments (39).
PRE 'H, T, data were acquired on samples comprising 0.4 mM 2H/">N-la-
beled Oct1 and 0.44 mM DNA-EDTA chelated to either Mn?* (paramagnetic)
or Ca?* (diamagnetic) using a two-time point measurement (with a AT dif-
ference of 16 ms) as described previously (31). Three samples comprising
0.4 mM 2H/">N-labeled Oct1, 0.44 mM specific DNA and 0.44 mM nonspecific
DNA were employed to analyze the relative contribution of intra- and inter-
molecular translocation processes: in the first sample, the paramagnetic label
was attached to the nonspecific DNA duplex and therefore reports exclu-
sively on intermolecular translocation; in the other two samples, the para-
magnetic label was attached to either end of the specific DNA duplex,
and therefore report on both intra- and intermolecular translocation. PRE
"Hy-I', rates were back-calculated from structural models of the Oct1-
DNA specific complex using a three-conformer ensemble representation for
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the EDTA-Mn?* groups in conjunction with the model-free extension of the
Solomon-Bloemberg PRE equations to account for flexibility of the paramag-
netic label as well as local protein motions (32). The coordinates of the
EDTA-Mn?* moieties were optimized by simulated annealing in Xplor-NIH
(40), and agreement between observed and calculated values is expressed
as a PRE Q-factor given by Q = {3;[I'$P*(i) — I'S?'°(i)]2/ X;$P5(i)2}'/2 (32).

'Dyy RDCs were measured on samples comprising 0.2 mM 2H/'>N-labeled
Oct1 and 0.3 mM specific or nonspecific DNA by taking the difference in
one-bond "H->N splittings in aligned [11 mg/mL phage pf1; (17, 18)] and
isotropic media using transverse relaxation optimized (TROSY)-based 'H-'>N
correlation spectroscopy as described (41). Fitting of observed RDCs to struc-
ture coordinates by SVD was carried out in Xplor-NIH (40).

Oct1 binds specifically to the octamer recognition site within the Hoxb1
promoter (see Fig. 1A) in the H2B/PORE geometry (14, 21), as determined by
NMR (16). PREs and RDCs were back-calculated for this structure as well as for
a structure in which the position of the POUs domain was placed in the same
position as that found in the MORE complex (21). Note that the actual
coordinates of the individual POUs and POU,, domains are taken from
the 1.9 A resolution X-ray structure of the PORE complex (21) because these
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