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ABSTRACT

The yeast Nhp6A protein (yNhp6A) is a member of
the eukaryotic HMGB family of chromatin factors that
enhance apparent DNA flexibility. yNhp6A binds DNA
nonspecifically with nM affinity, sharply bending DNA
by >60°. It is not known whether the protein binds to
unbent DNA and then deforms it, or if bent DNA con-
formations are ‘captured’ by protein binding. The for-
mer mechanism would be supported by discovery of
conditions where unbent DNA is bound by yNhp6A.
Here, we employed an array of conformational probes
(FRET, fluorescence anisotropy, and circular dichro-
ism) to reveal solution conditions in which an 18-
base-pair DNA oligomer indeed remains bound to
yNhp6A while unbent. In 100 mM NaCl, yNhp6A-
bound DNA unbends as the temperature is raised,
with no significant dissociation of the complex de-
tected up to ~45°C. In 200 mM NaCl, DNA unbending
in the intact yNhp6A complex is again detected up
to ~35°C. Microseconds-resolved laser temperature-
jump perturbation of the yNhp6a—DNA complex re-
vealed relaxation kinetics that yielded unimolecular
DNA bending/unbending rates on timescales of 500
prs—1 ms. These data provide the first direct obser-
vation of bending/unbending dynamics of DNA in
complex with yNhp6A, suggesting a bind-then-bend
mechanism for this protein.

INTRODUCTION

Double-helical DNA is intrinsically resistant to bending
and twisting over distances on the scale of its persistence
length [~150 base pairs; (1)]. Deforming DNA for pack-

aging and looping to bring together distant sites is facil-
itated by DNA ‘softening’ (i.e. reduction in bending and
twisting persistence lengths) in vivo to allow tight DNA
bending, kinking, and twisting. Besides DNA compaction
by supercoiling and packaging proteins such as histone
octamers, small ‘architectural’ proteins induce transient
and sharp DNA bending and twisting to accomplish this
softening (1-3). We have been particularly interested in
the mechanism of sequence-nonspecific architectural DNA-
binding proteins as they increase the apparent flexibility of
DNA in vivo. Prominent sequence nonspecific examples in-
clude bacterial HU (4,5), yeast Nhp6A, Nhp6B (6,7) and
HMOI (8,9), the mitochondrial HM protein (10) and mam-
malian HMGB1 and HMGB2 (11). We have studied how
sequence-nonspecific architectural proteins facilitate tight
DNA bending in vitro (12-17) and DNA looping by lac re-
pressor in living Escherichia coli cells (18-20).

High mobility group B (HMGB) proteins comprise a
conserved family of eukaryotic architectural DNA binding
proteins. Such proteins typically include one or two homol-
ogous ‘HMG box’ domains of ~80 amino acids, each of
which folds into three alpha-helical segments with an ‘L’ ter-
tiary structure. Through favorable electrostatic interactions
driving ion release from DNA (21-23), minor groove amino
acid intercalation (2), and sometimes asymmetric charge
neutralization (24), HMGB proteins kink DNA, inducing
sharp bends of 70—-120°. The Saccharomyces cerevisiae sin-
gle HMG box protein Nhp6A (yNhp6A; Figure 1) is used
as a model in the current work.

While the ability of HMGB proteins to deform DNA
has long been recognized as biologically crucial (25), three
mechanistic aspects of the DNA binding and bending pro-
cess have remained obscure. First, kinetic studies of DNA
binding by HMGB proteins have been puzzling. HMGB
protein dissociation rates from DNA appeared to depend
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Figure 1. Structure of yYNhp6A-DNA complex. NMR structure of yeast
HMGRB protein Nhp6A (red) bound to duplex DNA (cyan) is shown at
the top. The image was created using the Pymol Molecular Graphics Sys-
tem, version 2.0.6 (Schrodinger, LLC) based on PDB structure 1J5N (24).
The intercalating methionine, phenylalanine, and tryptophan residues are
shown in yellow, blue and magenta, respectively. The amino-acid sequence
of the protein is shown with alpha-helical regions indicated by the red rect-
angles above the amino acid sequence; the intercalating residues are also in-
dicated. The 18-bp oligonucleotide sequence is shown at the bottom, with
Cy3 and Cy5 FRET pair attached at the 5'-end of each strand.

on the particular experimental method. Rapid HMGB dis-
sociation rates (~0.1-6 s~') are observed in bulk exper-
iments in the presence of excess free protein, while dra-
matically slower rates (1072—10~* s~!) are observed in the
absence of free protein (14,26). This paradox has recently
been explained by invoking distinct microscopic and macro-
scopic protein dissociation modes and a concentration-
dependent exchange mechanism between bound and free
protein (14,27). A second mechanistic mystery of HMGB
protein function is whether the induced DNA deformation
is best characterized as a static kink (12,28,29) or a flexible
hinge (17). A third mystery of HMGB mechanism is ad-
dressed in the present work: the question of whether DNA
binding and bending by HMGB proteins are kinetically sep-
arable events.

This latter question is illustrated in Figure 2, which shows
three possible paths between binding partners (upper left)
and product complex with deformed DNA (lower right).
The upper ‘bend-then-bind’ path posits that rare and tran-
sient strong DNA bending occurs first, with the deformed
DNA captured by random collision with the HMGB pro-
tein. The lower ‘bind-then-bend’ path posits that DNA in
a linear conformation is first bound by the HMGB pro-
tein, followed by induction or capture of a subsequent bent
DNA conformation. The diagonal ‘concerted’ path reflects
the possibility that DNA binding and bending by HMGB
proteins might not be kinetically separable events over any
time scale. This minimal scheme is not meant to be com-
prehensive but rather to capture the essence of the cur-
rent debate in the field as to which pathways are accessi-
ble for DNA deformations by DNA-bending proteins. Here
we test the hypothesis that the ‘bind-then-bend’ path (Fig-
ure 2) is an available mechanism for HMGB proteins. This
key question touches on the fundamental mechanism by
which DNA bending is accomplished by architectural pro-
teins, an area illuminated by few experimental results. Un-
derstanding the mechanism of DNA deformation for one

or more HMGB proteins also may shed light on the roles
of HMGB protein domains, notably the characteristic but
mysterious N- or C-terminal charged tails in these pro-
teins. Experiments to detect evidence of separable DNA
binding and bending steps in HMGB protein mechanism
have been limited by the kinetic regimes of available single
molecule methods involving optical tweezers (14,17) or flu-
orescence resonance energy transfer [FRET; (29)]. The time
resolution of these approaches has not allowed detection of
transient intermediates implied in the upper right or lower
left paths of Figure 2, leaving unanswered the question of
whether DNA binding and bending can be separable events
for HMGB proteins. Experiments with much higher time
resolution are required. Here we apply such an approach,
rapid temperature-jump (T-jump) kinetics measurements of
DNA shape changes by FRET, in concert with an array of
equilibrium measurements that monitor the protein—-DNA
conformations, to probe the mechanism of the single box
HMGB protein yNhp6A.

We report spectroscopic experiments examining the ther-
modynamics and kinetics of DNA binding/bending by
purified yNhp6A, when binding without sequence speci-
ficity to an 18-base pair DNA duplex. With a combina-
tion of FRET, fluorescence anisotropy and circular dichro-
ism (CD) measurements as a function of salt concentration
and temperature, we detect for the first time DNA unbend-
ing within a stable yNhp6A complex. We apply a nanosec-
ond laser T-jump approach to perturb the yYNhp6A-DNA
complex and time-resolved FRET to unveil the timescales
for DNA bending/unbending in the complex to be in the
range of ~500 microseconds to few milliseconds. This study
demonstrates that a ‘bind-then-bend’ pathway is available
for yNhp6A, a result previously observed for the struc-
turally unrelated E. coli Integration Host Factor (IHF) ar-
chitectural protein (30-33) as well as for mismatch recogni-
tion protein MutS (34), and deduced from free energy sim-
ulation studies of binding/bending mechanisms for both
Sac7d, a prokaryotic/archaecal DNA packaging protein
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Figure 2. Schematic diagram of DNA binding and bending kinetic path-
ways. yYNhp6A binds free (straight) DNA (upper left) to form a complex in
which DNA is bent (lower right). Three possible pathways are shown for
the binding/bending: (i) the DNA adopts a bent conformation due to ther-
mal fluctuations and the protein captures the bent conformation (bend-
then-bind pathway); (ii) the protein binds to straight DNA with bending
in a subsequent step (bind-then-bend pathway); (iii) the binding and bend-
ing occurs in a concerted step.



(35), and for RevErba, a member of the superfamily of nu-
clear receptors (36).

MATERIALS AND METHODS
DNA preparation

Single-stranded DNA oligonucleotides were purchased
from Integrated DNA Technologies (IDT) after synthesis
and gel purification. The oligonucleotides were purchased
labeled with Cy3 and Cy5 at 5 termini of complementary
strands, as shown in Figure 1. The concentration of each
DNA strand and the extent of labeling were determined as
described in Supplementary Methods 1.1. Cy3- and Cy5-
labeled strands were found to be labeled with 94% and 96%
efficiency, respectively. Equimolar concentrations of the up-
per and lower strands in an annealing buffer (20 mM Tris—
HCI, pH 8.0, 500 mM NaCl) were mixed and heated in a wa-
ter bath at 95°C for 5 min, and then allowed to cool slowly
to room temperature for complete annealing.

Protein preparation

Untagged recombinant yNhp6A protein was expressed
in bacteria and purified by HPLC as described previ-
ously (37). yYNhp6A concentration was measured on a Shi-
madzu UV2101PC7 spectrophotometer applying the Edel-
hoch method as modified by Pace (38) using an extinction
coefficient of 11460 L/mol/cm. This extinction coefficient
was determined using the Expasy-protparam tool (https:/
web.expasy.org/protparam/protparam-doc.html) based on
the number of Tyr, Trp and Cys residues in yNhp6A. Pro-
tein samples were prepared as described in Supplementary
Methods 1.2. All equilibrium and T-jump measurements
were carried out in a binding buffer (10 mM HEPES pH
7.5, 1 mM MgCl,, 5% glycerol); the NaCl concentration in
the binding buffer was 100, 200 or 300 mM.

Binding measurements from electrophoretic gel mobility shift
assays

yNhp6A active concentration and DNA binding stoi-
chiometry were determined for each batch of yNhp6A
protein by electrophoretic gel mobility shift assay us-
ing 100 nM annealed complementary DNA oligonu-
cleotides  5-TG,CGACG,CAGCGAG,C, and 5-
GG, TCGCTGC,GTCGC,A, where the former was
first terminally radiolabeled using [y-*’P]-ATP and
polynucleotide kinase, and increasing concentrations of
yNhp6A, [0, 23, 46, 92, 184, 230, 368, 460, 575, 920 nM
and 1.15 pM]. Radiolabeled duplex DNA and yNhp6A
were combined in a binding buffer of 10 mM HEPES
pH 7.5, 1 mM MgCl,, 7.5% glycerol, 0.24 mg/ml bovine
serum albumin at room temperature. Incubation was for
20 min prior to electrophoresis through a 6% 1:19 (w:w)
bis:acrylamide native gels in 0.25x TBE buffer at 275 V
for 2.25 h. Fraction of total DNA in yNhp6A complex
was determined by storage phosphor imaging of dried gels
using a Typhoon imager (GE). Estimation of both the dis-
sociation constant, Kp, and unknown active concentration
of yNhp6A was accomplished by fitting the experimental
values of the fraction of DNA in complex versus protein
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concentration, as described in Supplementary Methods
1.3.

Binding affinity measurements as a function of salt concen-
tration

Equilibrium dissociation constants for yNhp6A binding
to biotinylated 18-bp duplex were estimated as a func-
tion of monovalent salt concentration by measuring protein
concentration-dependent second-order on-rate and pro-
tein concentration-independent first-order off-rate kinet-
ics determined by biolayer interferometry (Fort¢ BIO Octet
REDY6 instrument). Binding experiments were performed
at 25°C in buffer containing 10 mM HEPES pH 7.5, 1 mM
MgCl,, 7.5% glycerol, 1 mM DTT, 0.24 mg/ml BSA, 0.02%
Tween, at different NaCl concentrations. Details of the mea-
surements and analysis are in Supplementary Methods 1.4.

Thermal stability measurements

Thermal denaturation studies of yNhp6A were performed
in 100, 200, or 300 mM NaCl, in the presence and absence
of DNA, using far-UV CD measurements at 222 nm, in the
temperature range 15-80°C. Measurements were performed
on a Jasco J-810 spectropolarimeter, and analyzed in terms
of a two-state folding/unfolding transition as described in
Supplementary Methods 1.5.

Equilibrium fluorescence measurements

The steady-state fluorescence emission spectra and
anisotropies were measured on a FluoroMax4 spectroflu-
orimeter (HORIBA Scientific). The FRET efficiency
between Cy3 (donor) and Cy5 (acceptor) labels in duplex
DNA in the absence and presence of yNhp6A protein,
and the acceptor ratio (7°), an equivalent and independent
measure of FRET, were determined from the measured
spectra as described in Supplementary Methods 1.6.
Steady-state anisotropy measurements were performed
using acceptor-only labeled samples: Cy5-labeled single-
stranded DNA, Cy5-labeled duplex, and Cy5-labeled
complex (i.e. duplex in the presence of yNhp6A), as de-
scribed in Supplementary Methods 1.7. Binding isotherms
from acceptor ratio and anisotropy measurements were
used to confirm active protein concentrations as described
in Supplementary Methods 1.8. Global analysis of the
anisotropy data to obtain the fractions of complex, duplex,
and single-stranded DNA as a function of temperature is
described in Supplementary Methods 1.9.

Laser temperature jump (T-jump) measurements

Rapid T-jump of ~5-10°C was achieved in sample cuvettes
of path length 0.5 mm using ~10 ns infrared (IR) laser pulse
at 1550 nm, and fluorescence emission intensities of the ac-
ceptor (Cy5) were measured as a function of time before
and after the arrival of the IR pulse, with excitation of the
donor (Cy3) accomplished by a continuous wave (cw) laser
source at 530 nm. To cover the span of over three orders of
magnitude in time, we recorded the T-jump kinetics traces
over different timescales and then combined these traces.
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Figure 3. Equilibrium acceptor ratio (7°) measurements on Cy3-CyS5-
labeled yNhp6A-DNA complex. (A) The fluorescence emission spectra
measured under equilibrium conditions in 100 mM NaCl, with excitation
of the donor at 510 nm, are plotted for Cy3-only labeled DNA in the ab-
sence (black) and presence (blue) of yNhp6A, and for Cy3—Cy5-labeled
DNA in the absence (red) and presence (pink) of yNhp6A. The fluores-
cence emission spectrum of Cy3-CyS5-labeled DNA, with direct excitation
of the acceptor at 645 nm, is also shown in the absence (green) and pres-
ence of yNhpoA (orange). (B) Acceptor ratio measurements on Cy3-Cy5-
labeled DNA as a function of [yNhp6A] at 100 mM NacCl (orange), 200
mM NacCl (indigo), and 300 mM NaCl (burgundy). Measurements were
done with 5 wM DNA. The continuous lines are the best fit to a 1:1 bind-
ing isotherm, as described in Supplementary Methods 1.8.

The combined traces were analyzed in terms of a single-
exponential decay convoluted with another function that
described the recovery of the T-jump back to the initial
temperature. The details of the laser T-jump spectrometer
(31,39,40) and the analysis of the relaxation traces are de-
scribed in Supplementary Methods 1.10 and 1.11.

RESULTS

To unravel the binding/bending mechanism of yNhp6A—
DNA interactions, we performed a series of equilibrium
acceptor ratio (7°) and anisotropy (r) measurements on
fluorescently-labeled 18-bp DNA both in the presence and
absence of yNhp6A, and corresponding T-jump kinetics
measurements, over a range of temperatures and NaCl con-
centrations ([NaCl]). The equilibrium measurements are
presented first, providing the basis for interpretation of the
kinetics measurements. Two sets of equilibrium measure-
ments were performed as a function of temperature and
salt concentration: FRET (or acceptor ratio) measurements
provide information on the change in the extent to which
the DNA is bent, whether free or in complex. In contrast,
anisotropy measurements detect changes in the fractional
population of bound and free DNA, essentially indepen-
dent of the extent of DNA bending. These measurements,
together with circular dichroism (CD) measurements that
monitored the folding stability of the protein, free and
in complex, provide clear evidence for a ‘bind-then-bend’
mechanism for yNhp6A, as detailed below.

FRET measurements reveal DNA bending by yNhp6A

Equilibrium FRET measurements are summarized in Fig-
ure 3. Typical steady-state emission spectra of Cy3-Cy5
labeled DNA measured at 20°C in the presence and ab-
sence of yNhp6A are shown in Figure 3A. The overlap-
ping spectra of Cy3-only labeled DNA in the absence (black
curve) and presence of yNhp6A (blue curve) indicate that
the quantum yield of the dye attached at the terminus of the

duplex DNA is not affected by the binding of the protein.
The emission spectrum of Cy3-Cy5 labeled DNA upon ex-
citation of the donor (Cy3) shows a decrease in the donor
fluorescence (~560 nm) and a corresponding appearance
of the acceptor (Cy5) fluorescence (~660 nm; red curve),
indicating FRET between the donor and acceptor dyes at
opposite termini of the 18-bp DNA. The FRET efficiency
(E) was calculated using the donor fluorescence method as
described in Supplementary Methods 1.6. To ensure that
un-annealed donor-labeled single strands were not misrep-
resenting the measured FRET, we carried out these studies
for increasing concentration of the acceptor-labeled strands
relative to the donor-labeled strands (Supplementary Fig-
ure S1). These measurements yield a FRET E value of ~0.3
for the DNA-only sample.

In the presence of yNhp6A, the donor fluorescence is fur-
ther quenched with a corresponding increase in the accep-
tor emission (Figure 3A, magenta curve), yielding a higher
FRET value of ~0.5. Thus, DNA deformations induced by
yNhpo6A binding, such as strong DNA bending and likely
some DNA twisting as seen in the NMR structure of the
yNhp6A-DNA complex (24), are detected as an increase in
FRET between the donor and acceptor dyes. These results
are in good agreement with single-molecule FRET mea-
surements on identical DNA samples in the presence and
absence of the protein, prepared under identical buffer and
salt conditions as used in this study (29). This increase in
FRET by ~0.2 is also consistent with previously reported
FRET changes upon binding by other DNA-bending pro-
teins known to bend DNA to a similar extent (~50-60°),
e.g. restriction enzyme EcoRV (41) and DNA mismatch
recognition protein MutS (34).

An alternative method for monitoring FRET changesis a
measurement of acceptor ratio, defined as the ratio of accep-
tor emission intensity measured on a double-labeled sample
when the donor is excited, to that measured on the same
sample when the acceptor is excited directly (42). Figure 3A
shows spectra measured from direct excitation of the accep-
tor in Cy3-Cy5 labeled DNA, in the absence (green) and
presence (orange) of yNhp6A. These spectra were used in
the calculation of the acceptor ratio 7", as detailed in Sup-
plementary Methods 1.6. The measured emission intensities
were first corrected for distortions arising from ‘inner-filter’
effects attributed to different optical densities of the sample
at the donor and acceptor excitation wavelengths (43,44),
as outlined in Supplementary Methods 1.6 and Supple-
mentary Figure S2. The acceptor ratio method to moni-
tor FRET is preferable over the donor fluorescence method
because the latter requires the ratio of fluorescence inten-
sities from measurements on two separate samples, single-
labeled and double-labeled, which introduces additional er-
rors from uncertainties in the sample concentrations. To
convert acceptor ratio to FRET efficiency requires knowl-
edge of the extinction coefficients of the donor and accep-
tor fluorophores at the two different excitation wavelengths,
and accurate estimates of labeling efficiency. Here, we are
interested primarily in how these values change with vary-
ing ionic conditions and temperature and therefore restrict
ourselves to acceptor ratio measurements as a measure of
FRET efficiency for the results reported below.



Both yNhp6A-DNA complex stability and DINA bending de-
crease with increasing salt concentration

We first determined protein—-DNA binding stoichiometry,
the active protein concentration, and the binding affinity
of yNhp6A for unlabeled DNA at 25°C and at different
salt concentrations. Electrophoretic gel mobility shift assays
and direct measurements of on- and off-rates by biolayer in-
terferometry (BLI) were performed as described in Materi-
als and Methods and in Supplementary Methods 1.3 and
1.4. Electrophoresis is ideal for detection of higher-order
protein-DNA complexes that can form with sequence-
nonspecific proteins such as yNhp6A, so was used to de-
fine binding conditions where 1:1 complexes predominated.
These measurements demonstrated evidence for more than
one protein binding to DNA at conditions of protein excess
in 100 mM NaCl. Higher-order complexes were less preva-
lent in 200 mM NacCl (Supplementary Figure S3). BLI is
uniquely powerful in determining kinetics for complex for-
mation and decomposition under different salt conditions.
These measurements yielded equilibrium dissociation con-
stant (Kp) values of 74.1 £ 1.4 nM, 795 £+ 15.5 nM and
1.91 £ 0.15 wM at 100 mM, 200 mM and 300 mM NaCl,
respectively (Supplementary Figure S4). The data thus re-
vealed that yNhp6A-DNA complex stability decreases with
increasing concentration of NaCl. This destabilization of a
protein-DNA complex by increasing salt concentration is
expected for any binding process involving cation release
(23,33,40).

To confirm active protein concentration estimates under
equilibrium FRET conditions, we performed titration stud-
ies measuring acceptor ratio versus protein concentration at
each salt condition using 5 wM DNA (Figure 3B), and fit-
ted the binding isotherms using the above Kp values and
a scale factor that accounted for any inactive fraction of
protein in our samples. These measurements yielded ac-
tive protein concentrations at 100 mM and 200 mM NaCl
that were within 10% of the estimates from binding stud-
ies (Supplementary Figure S5). Interestingly, these data sug-
gest that the extent to which the DNA is bent in the com-
plex decreases with increasing salt, with ¢ (the acceptor
ratio of the complex under saturating conditions) of 0.245
=+ 0.001 at 100 mM NacCl, 0.212 + 0.001 at 200 mM NaCl
and 0.180 + 0.011 at 300 mM NacCl. This indication of a
[salt]-dependent increase in the relative population of un-
bent versus bent DNA conformation within an apparently
intact protein—-DNA complex is reminiscent of a previous
report for related proteins (23), as well as a recent report for
IHF (45). Evidence that the protein—-DNA complex remains
intact under these conditions is discussed below. We note
here that the titration data at 300 mM NaCl did not reach
saturation even with 4-fold excess of protein and therefore
the active protein concentration and corresponding 1¢ were
less well determined at this salt condition.

yNhp6A protein is stabilized against thermal denaturation by
DNA binding

To examine the temperature range over which yNhp6A pro-
tein remains folded, we performed thermal denaturation
studies of yNhp6A in the absence and presence of DNA, us-
ing far-UV CD measurements (Supplementary Figure S6).
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Thermal denaturation profiles reveal that isolated yNhp6A
exhibits a melting temperature of 41.7 + 1.5°C, indepen-
dent of [NaCl]. In contrast, in the presence of sufficient
DNA to bind all yNhp6A molecules, the protein unfold-
ing transition is shifted to higher temperatures, occurring
at 66.1 +0.7°C in 100 mM NacCl, 54.4 £ 1.0°C in 200 mM
NaCl, and 48.2 4+ 0.1°C in 300 mM NaCl. Furthermore,
the melting profiles from CD spectroscopy were found to be
completely reversible, indicating reversibility of conforma-
tional changes in the protein as a result of thermal denatu-
ration (Supplementary Figure S7). This result is important
for the T-jump studies reported here that require multiple
heating/cooling cycles for data acquisition at each temper-
ature. The result is not unexpected as reversible yNhp6A
folding is well known and, in fact, is exploited in purify-
ing the recombinant protein from E. coli CD measure-
ments also indicate that there is already a 10% change in
free protein conformation at ~30°C (Supplementary Fig-
ure S6A and B), while in the presence of DNA this con-
formational change is less than 10% up to ~55°C in 100
mM NaCl, ~45°C in 200 mM NaCl and ~35°C in 300
mM NaCl (Supplementary Figure S6C-H). We therefore
conclude that the protein:DNA complex remains largely
intact up to the above-mentioned temperatures at each of
the salt conditions. Further studies were conducted only
at physiologically-relevant NaCl concentrations of 100 and
200 mM because of the propensity of the protein to dissoci-
ate and unfold at 300 mM NaCl even at low temperatures.

Increasing temperature induces DNA unbending prior to
yNhp6A-DNA complex dissociation

To explore evidence for a complex of yNhp6A with straight-
ened DNA, we examined how FRET in the yNhp6A-DNA
complex depends on temperature. Figure 4 shows the ac-
ceptor ratio (7°) as a function of temperature measured for
Cy3-Cy5labeled DNA (20 wM) in the absence and presence
of protein (28 wM). In 100 mM NaCl, the data show that for
free DNA, 7 decreases nearly monotonically from 0.121 £+
0.002 to 0.044 + 0.002 as the temperature is raised from 15
to 75°C. Above ~75°C there is a sharp drop in 7", indicating
a structural transition in the DNA. Similar behavior is seen
at 200 mM NaCl. We suppose that this structural transition
is the separation of the two DNA strands upon DNA melt-
ing. When DNA strands are completely separated, FRET
efficiency between the dyes is expected to drop to zero. A
non-zero acceptor ratio value at the highest temperature in
these measurements is attributed to some direct excitation
of the acceptor even at wavelengths where the donor is ex-
cited.

Acceptor ratio versus temperature measurements in
the presence of yNhp6A were performed with 28 wM pro-
tein and 20 uM DNA. At this protein:DNA ratio, assum-
ing ~93% active protein concentration as determined by the
titration studies (Figure 3B and Supplementary Figure S5),
we expect ~99% complex in 100 mM NaCl and ~91% com-
plex in 200 mM NaCl. For 20 pM DNA in the presence of
28 wM yNhp6A we observed increased 7" values at 15°C:
0.253 4 0.002 at 100 mM NaCl and 0.189 £ 0.001 at 200
mM NacCl, consistent with higher FRET as a result of DNA
bending in the complex (Figure 4A and B). As the tempera-
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Figure 4. Temperature dependence of acceptor ratio on Cy3-Cy5-labeled
DNA, with and without yNhpo6A. (A, B) The equilibrium acceptor ratio
(T") values for Cy3-Cy5-labeled DNA (open squares) and yNhp6A-DNA
complex (filled squares) are plotted as a function of temperature for mea-
surements in (A) 100 mM NaCl and (B) 200 mM NaCl. Measurements
were done with 20 uM DNA and 28 uM yNhp6A. (C, D) The first deriva-
tive of acceptor ratio with respect to temperature (§7°/87) are plotted for
DNA only (open squares) and yNhp6A-DNA complex (filled squares) in
(C) 100 mM NaCl and (D) 200 mM NaCl.

ture was raised, 7" decreased in both 100 and 200 mM NaCl.
Two distinct transitions were observed, as illustrated in the
corresponding derivative plots (Figure 4C and D). We hy-
pothesize that the first prominent transition (~62°C in 100
mM NaCl and ~52°C in 200 mM NaCl) has contributions
from both DNA unbending in the intact DNA—-yNhp6A
complex (a unimolecular process) and from the dissocia-
tion of DNA from the protein (a bimolecular process); the
second transition (above ~75°C) is attributable to melting
of free DNA after protein dissociation, similar to what we
observe in DNA-only measurements. Importantly, we ob-
serve decreases in FRET acceptor ratio at temperatures be-
low the first transition. We hypothesize that these decreases
reflect DNA unbending in the absence of complex dissocia-
tion. Consistent with these conclusions, acceptor ratio mea-
surements in 100 mM NaCl at two different protein:DNA
concentrations (7 puM:5 pM and 28 pM:20 pM) revealed
concentration-independent change in 7" up to ~40°C; with
further increase in temperature, a clear deviation was ob-
served between the measurements at the two concentra-
tions as expected for bimolecular dissociation (Supplemen-
tary Figure S8). Additional anisotropy experiments over the
same temperature range further support this conclusion, as
detailed below.

To rule out any artefactual results from not fully com-
plexed DNA in 200 mM NaCl, we also compared accep-
tor ratio measurements with 40 and 60 uM protein (2-fold
and 3-fold excess, respectively), predicted to yield ~96% and
~98% complex, respectively (Supplementary Figure S9).
Although increasing protein concentration did increase the
fraction complex and hence the acceptor ratio values at the
low temperature end, the overall shape of the temperature-
dependent behavior remained unchanged except that the
complex dissociation transition shifted to higher tempera-

tures as anticipated. Conditions close to 1:1 complex were
preferred for subsequent equilibrium studies because of ev-
idence from electrophoretic gel mobility shift studies of for-
mation of higher-order protein-DNA complexes when pro-
tein was in excess of DNA, as noted above.

Anisotropy measurements monitor yYNhp6A—-DNA complex
dissociation

To further distinguish unimolecular unbending of DNA
within the yNhp6A-DNA complex (a prediction of the hy-
pothetical bind-then-bend mechanism) from the bimolec-
ular yNhp6A-DNA dissociation process, we measured
yNhp6A-DNA complex stability by steady-state fluores-
cence anisotropy across the same range of temperatures
and [NaCl] as in the FRET acceptor ratio measurements.
Anisotropy is a measure of the molecular tumbling rate,
which in turn depends on the rotational diffusion constant
and hence on the shape and size of the molecule or com-
plex of interest. We expect a smaller anisotropy value (more
rapid rotational dynamics) for DNA alone compared to the
yNhp6A-DNA complex. An even smaller anisotropy value
is expected for single-stranded DNA after duplex denatura-
tion.

The sensitivity of the anisotropy measurements to moni-
tor complex formation was validated by titration measure-
ments at 100 and 200 mM NaCl with 5 pwM Cy5-labeled
DNA and increasing protein concentrations (Supplemen-
tary Figure S10). These measurements detected complex
formation and confirmed that more than one yNhp6A pro-
tein can bind to the DNA duplex at protein stoichiometries
in excess of 1:1, particularly at 100 mM NaCl. These re-
sults corroborate electrophoretic gel mobility shift studies
in two ways. First, while anisotropy measurements in both
salt conditions followed an apparent 1:1 binding isotherm,
the change in anisotropy values between free DNA and
yNhp6A-DNA complex was larger in 100 mM NaCl (0.266
=+ 0.003 to 0.305 £ 0.002) than in 200 mM NaCl (0.266
£ 0.002 to 0.288 £ 0.002). Second, the apparent fraction
of active protein determined from the fits to 1:1 binding
isotherms was only ~49% in 100 mM and ~78% in 200 mM
compared with ~93% in both salt conditions obtained from
the corresponding acceptor ratio titration studies (Supple-
mentary Figure S5). These data confirm that protein excess
can lead to more than one protein binding to each DNA
duplex, particularly in 100 mM NaCl. It is possible that
two proteins bind per DNA under saturating conditions.
Higher-order protein-DNA complexes were less stable in
200 mM NacCl.

In light of these results, we performed temperature-
dependent anisotropy measurements near the 1:1 condition
(28 wM:20 pM protein:DNA) at both 100 mM and 200
mM NaCl. To collect a comprehensive set of data, we per-
formed independent anisotropy measurements on single-
stranded DNA (rg,..,), duplex DNA (rp.\,) and DNA in
complex with yNhp6A (rc.x,) as a function of tempera-
ture (Figure 5). The anisotropy of single-stranded DNA,
sexp, Was found to be 0.246 £ 0.004 at 100 mM NaCl
and 15°C. This value gradually decreased with increase
in temperature and then plateaued at about 80°C (Figure
5A). The temperature-dependent decrease in rg.y, is at-



100mM

200mM

0.32
0.28
0.24
0.20

0.16

0 0.006f —=—sr,,, /o7
20.004} e/

@
-£0.002
3]

00.000

-0.002

1.0
0.8
08l i
0.4 e 3

0.0

— —
Tsexp T e

A B

Anisotropy (r)

R O /0T
T O/ T

LT N -,
C D

Fraction

20 40 60 80
Temperature (°C)

20 40 60 80
Temperature (°C)

Figure 5. Fluorescence anisotropy measurements on Cy5-labeled DNA
and yNhp6A-DNA complex. (A, B) Steady-state anisotropy values, mea-
sured for single DNA strand (rgexp: red), duplex (rp exp: blue) and com-
plex (rc,exp: green) are plotted as a function of temperature for mea-
surements at (A) 100 mM NaCl and (B) 200 mM NaCl. Measurements
were done with 20 pM DNA and 28 pM yNhp6A. Continuous lines are
fits to the anisotropy profiles using the global modeling approach as de-
scribed in Supplementary Methods 1.9. (C, D) The first derivative of the
anisotropy with respect to temperature of complex (87 ¢ ey /8 T: green) and
duplex (87 p,exp /8 T: blue) are plotted as a function of temperature for mea-
surements in (C) 100 mM NaCl and (D) 200 mM NacCl. (E, F) The frac-
tions of DNA in complex ( fc: lime green), free duplex ( fp: cyan) and free
single-stranded ( fs: pink), as obtained from the global modeling of the
yNhp6A-DNA complex anisotropy, are plotted as a function of tempera-
ture for measurements in (E) 100 mM NaCl and (F) 200 mM NacCl.

tributed to a decrease in the effective persistence length
of ssDNA with increasing temperature (likely arising from
disruption of stacking interactions within single-stranded
DNA) and hence a decrease in its radius of gyration (46).
The anisotropy of duplex DNA, rp .y, at 15°C was 0.269
+ 0.003, higher than rg..,, as expected, and for the com-
plex sample, r¢ oy, it was even higher (0.295 4 0.002). The
measured values of rg., and rp .y, are in good agreement
with reported values in the literature for Cy3-labeled single-
strands and duplex DNA of similar length (47). As the tem-
perature was increased, both rp .., and rc.y, decreased.
This change was initially gradual, but then more rapid
above ~70°C. The initial gradual decrease in rp., and
Tcexp 18 attributed to an intrinsic decrease in the anisotropy
of the duplex and complex species, respectively. The sharp
decrease in rp .y, at higher temperatures is attributed to
melting of duplex DNA into single-stranded components,
while the decrease in ¢ ., is attributed to (i) dissociation of
DNA from the protein as the temperature is raised and (ii) at
still higher temperatures, melting of the dissociated DNA.
At the highest temperatures in these measurements, rgeyp,,
p.exp and re .y, converge, indicating complete dissociation
of DNA from the protein, accompanied by DNA melting.
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Figure 6. Derivatives of acceptor ratio (1), fraction of complex (f¢), and
fraction unfolded (fy/) with temperature. (A, B) The first derivative with re-
spect to temperature of acceptor ratio (87 /8T, filled squares), and fraction
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as a function of temperature for measurements in (A) 100 mM NaCl and
(B) 200 mM NaCl. The continuous lines are proportional to the derivative
of the fraction in complex as deduced from Gaussian fits to the complex
anisotropy derivatives (Supplementary Figure S11), denoted as § fCG /8T (x
18 for 100 mM and x 8 for 200 mM salt).

In 200 mM NaCl, complex dissociation is better separated
from DNA melting, with the two transitions more clearly
evident in the temperature dependence of r¢c ., (Figure 5B).

Changes in rp .y, and rc ey, are better visualized in the
derivative plots, 8¢ p ey, /8T and 6r¢ ey, /8T (Figure 5C and
D). In 100 mM NaCl complex dissociation appears as a
shoulder in the plot of §rc..,/8T versus temperature at
~60°C, followed by DNA melting, with a peak ~80°C.
In 200 mM NaCl, the derivative ércy,/8T shows two
clear peaks, one ~50°C (attributed to complex dissocia-
tion) followed by DNA melting at ~85°C. To separate the
two transitions, we fitted the complex anisotropy deriva-
tives 8rcexy/8T as the sum of two Gaussian components
(Supplementary Figure S11), and assigned the first Gaus-
sian as reflecting complex dissociation and the second one
as reflecting DNA melting. As a control, we also made
anisotropy measurements at a higher (60 wM:20 wM) pro-
tein:DNA ratio (Supplementary Figure S12). In 100 mM
NaCl, the 3-fold excess protein condition exhibited anoma-
lous behavior with an apparent transition appearing below
~50°C. We attribute this to binding of multiple proteins
per DNA. No such anomaly was observed in the 200 mM
NaCl, consistent with less interference from higher-order
complexes in higher salt.

Separating the temperature range for DNA unbending from
dissociation of the yNhp6A—-DNA complex

To confirm that straightened DNA can be detected in com-
plex with Nhp6A, we combined the information on DNA
shape (complex acceptor ratio, 7°), yNhp6A-DNA com-
plex stability (anisotropy), and protein stability (CD). We
compared the temperature derivatives of the acceptor ra-
tio (87 /8T), the fraction of intact complex (first Gaussian
component of fits to the derivatives of complex anisotropy),
and fraction of unfolded protein (8 fyy/8T; from CD data),
as shown in Figure 6. Three key observations are evi-
dent. First, temperature derivatives of the fraction unfolded
(from CD) overlapped remarkably with the first Gaussian
component (derivative of complex anisotropy), lending sup-
port to our conclusion that yNhp6A is stabilized against
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thermal denaturation while bound to DNA, and that com-
plex dissociation and protein unfolding occur in a concerted
manner under these conditions. Second, complex dissocia-
tion transitions (from anisotropy and CD) overlapped with
the dominant peak of the temperature derivative of the ac-
ceptor ratio (§7° /8 T), measured under identical conditions.
Third, and most importantly, DNA unbending, as detected
by 87 /8T, was already evident below ~45°C in 100 mM
NaCl and below ~35°Cin 200 mM NaCl. These are temper-
ature ranges over which no dissociation of DNA from the
complex was detected by changes in anisotropy, 8¢ c.ex,/8 T,
or in fraction unfolded, § f;;/8T (from CD). These results
strongly indicate that DNA unbending occurs within the in-
tact Nhp6 A—~DNA complex, especially below ~45°C in 100
mM NaCl and below ~35°C in 200 mM NaCl. We there-
fore conclude that the primary contribution to acceptor ra-
tio changes up to ~45°C in 100 mM NaCl and ~35°C in 200
mM NaCl is from unimolecular DNA bending/unbending
processes within the intact yYNhp6A:DNA complex.

Modeling anisotropy data allows separation of complex dis-
sociation from DNA melting

To further elucidate complex dissociation as a function of
temperature, we modeled the temperature dependencies of
the anisotropy measurements for the single-stranded, du-
plex and complex samples (rsexp, 7' p.exp and rc ey, rEspec-
tively) in a self-consistent way, using a minimal model in
which DNA in the complex samples was assumed to be ei-
ther free (fully dissociated) or bound, and it was further
assumed that free DNA can melt. Three species were thus
considered: duplex DNA in complex with protein, free du-
plex DNA, and single-stranded DNA (fractional popula-
tions: fo(T), fp(T), and fs(T), respectively). Two species
comprised the DNA-only samples: duplex DNA and single-
stranded DNA. While other species may have contribu-
tions (e.g. multiple conformations of duplex DNA in pro-
tein complex such as straight DNA versus unwound/bent
DNA), we expect the largest contributions to the temper-
ature derivative of the anisotropy to come from changes
in bound and free DNA populations, and melting of du-
plex DNA to single-stranded DNA with increased temper-
ature. Anisotropy change due to changes in the shape of the
complex are expected to be smaller in comparison. Thus, at
each temperature, the measured anisotropies of the duplex
DNA and complex samples were described as linear com-
binations of the fractions: fo(T), fp(T), and f¢(T), and
the intrinsic anisotropies of each of the species (see Supple-
mentary Methods 1.9). The fractional populations at each
temperature were described in terms of two parameters that
characterized DNA melting and two additional parame-
ters that characterized complex dissociation (Supplemen-
tary Equations S10 and S12). The fits to rgex,(T), 7 p exp(T)
and r¢.x,(T) obtained from this global analysis are shown
in Figure 5A and B. The corresponding fractional popula-
tions in the complex samples are shown in Figure 5E and
F. The residuals from the fits are shown in Supplementary
Figure S13. The resulting temperature derivatives of the
fraction complex, § fc(7)/8 T are in reasonable agreement
with the temperature derivative of the fraction complex ob-
tained directly from Gaussian fits to the complex anisotropy
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Figure 7. Relaxation traces from T-jump measurements on yNhp6A—
DNA complex in 100 mM NaCl. (A, B) Fluorescence emission intensity
for the yYNhp6A-DNA complex, in response to T-jump perturbation, is
plotted as a function of time for (A) T-jump from 30°C to 38°C in 100
mM NaCl and (B) 38°C to 44°C in 200 mM NaCl. Negative values are as-
signed to the time points prior to the infrared laser pulse that induces the
T-jump. The continuous red line is a single exponential fit to the observed
relaxation kinetics convoluted with the T-jump recovery function (see Sup-
plementary Methods 1.11; Supplementary Equation S18), with relaxation
times of 427 ps in (A) and 396 ps in (B). (C, D) Control experiment on
Cy3-Cy5-labeled duplex DNA in the absence of yNhp6A in response to
a T-jump from 25°C to 32°C in (C), and from 25°C to 33°C in (D). The
continuous lines are a fit to the T-jump recovery function (see Supplemen-
tary Equation S17), with characteristic time constants of 185 and 175 ms,
respectively. Measurements were done with 20 pM DNA and 28 pM (40
rM) yNhp6A in 100 mM (200 mM) NaCl.

derivatives, as shown in Supplementary Figure S14. Thus,
modeling reaffirms our conclusions that the yNhp6A-DNA
complex remains mostly intact up to ~45°C in 100 mM
NaCl and up to ~35°C in 200 mM NaCl, above which we
detect complex dissociation.

Dynamics of unimolecular DNA bending/unbending in
yNhp6A-DNA complex are measured by laser temperature
jump

To gain insight into the dynamics of the DNA bending-
unbending equilibrium within intact yNhp6A-DNA com-
plexes, T-jump measurements were performed at 100 and
200 mM NacCl over the entire temperature range at which
equilibrium measurements were made. The protein:DNA
concentrations for these measurements were 28 wM:20 puM
at 100 mM NaCl, and 40 pM:20 M at 200 mM NacCl,
so as to minimize the fraction of free DNA. Typical relax-
ation traces measured on the Cy3—Cy5-labeled yNhp6A—
DNA complex in 100 mM and 200 mM NaCl are shown
in Figure 7, together with corresponding control measure-
ments on Cy3—Cy5-labeled DNA duplex in the absence of
protein. In all measurements, a continuous wave laser at 530
nm was used to excite the donor (Cy3) molecule and the flu-
orescence emission intensity of the acceptor (Cy5) was mea-
sured as a function of time before and after the arrival of the
pulse.

We first describe T-jump measurements on the con-
trol (donor-acceptor-labeled DNA only) samples, shown
in Supplementary Figure S15a. In these measurements, a
sharp drop in the fluorescence emission intensity of the ac-
ceptor was observed immediately after the arrival of the
infrared pulse that induces the T-jump (defined as t =



0" in these kinetics traces). This rapid decrease reflects
temperature-dependent decrease in the quantum yield of
the donor and acceptor fluorophores as a result of the T-
jump, which occurs within the pulse-width of the IR laser
pulse (i.e. within 10 ns). The acceptor emission intensity
then remained ~constant until ~10-20 ms, indicating that
the temperature in the heated volume of the sample stays
high for that duration. The fluorescence levels eventually
decayed back to the pre-laser levels, with a characteristic
time constant of 183 4 6 ms (Supplementary Figure S15b).
This slow decay corresponds to the duration of cooling of
the heated volume back to the temperature of the surround-
ing bath such that the sample temperature relaxes back to
its initial temperature. This so-called ‘T-jump recovery’ is
well characterized by the functional form of Supplementary
Equation S17.

In the presence of yNhpoA (Figure 7A and B), we ob-
served the initial rapid drop in the acceptor intensity in re-
sponse to the rapid T-jump as well as the slow decay of the
T-jump itself, similar to that observed in the corresponding
control measurements (Figure 7C and D). However, in ad-
dition, in the presence of the protein we observed further
decrease in the acceptor emission intensity in the time win-
dow of ~20 ws to ~10 ms. These relaxation kinetics reflect a
change in the population of protein-DNA complexes from
the ensemble of conformations representative of the initial
(low) temperature to that of the final (high) temperature, re-
sulting in a change in FRET. In yNhp6A-DNA complexes,
the DNA unbends when the sample is heated and the dis-
tance between the donor and the acceptor fluorophores in-
creases, resulting in a decrease in the FRET efficiency be-
tween the fluorophores. Since we monitored the acceptor
intensity in our T-jump measurements (with excitation of
the donor), a decrease in FRET is reflected in a decrease
in the acceptor intensity during this conformational relax-
ation kinetics, before the temperature of the sample starts
to decay back on the longer (~180 ms) timescale. No such
conformational relaxation kinetics in the ~20 ws to ~10
ms time window were detected in the control DNA-only
samples, as long as the temperature range of these measure-
ments remained well below the melting temperature of the
DNA molecule. This confirms that the relaxation kinetics
measured in the complex were from yNhp6A-induced DNA
conformational changes.

The relaxation kinetics traces in the temperature range
33—-68°C in 100 mM NaCl and 44—68°C in 200 mM NaCl
were well described in terms of a single-exponential decay
convoluted with the “T-jump recovery’ function (Supple-
mentary Equation S18). The relaxation traces and the cor-
responding residuals from the fits are shown in Figure 7 and
Supplementary Figure S16). Relaxation rates and corre-
sponding amplitudes for 100 mM and 200 mM NacCl at dif-
ferent final temperatures are shown in Figure 8. The shape
of the amplitudes versus temperature plots are in remark-
able agreement with the shape of the 67" /8T profiles (Fig-
ure 8C and D), confirming that our T-jump studies indeed
monitor relaxation kinetics arising from changes in the bent
shape of DNA. We note here that although the equilibrium
CD measurements show increasing fraction of unfolded
protein as the temperature was raised, these CD-detected
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Figure 8. Relaxation rates and relative amplitudes from T-jump measure-
ments on yYNhp6A-DNA complex in 100 mM NacCl. (A, B) Relaxation
rates for yYNhp6A-DNA complex are plotted as a function of tempera-
ture from T-jump measurements in (A) 100 mM NaCl and (B) 200 mM
NacCl. (C, D) The corresponding relative amplitudes in the relaxation ki-
netics (A Ixinerics, black squares, calculated as described in Supplementary
Methods 1.11; Supplementary Equation S19) are plotted as a function of
temperature. Derivatives of the complex acceptor ratio, from equilibrium
experiments performed at the same protein:DNA concentrations as the T-
jump measurements, are also shown for comparison, in orange squares (C)
and purple squares (D).

changes, whether in free protein or in the presence of DNA,
were found to be completely reversible (Supplementary Fig-
ure S7). Furthermore, the changes in the CD signal in the
presence of the DNA are attributed to unfolding of that
fraction of the protein that dissociates from the DNA at
the higher temperatures. We assert that in the T-jump mea-
surements, the fraction that is already dissociated at the ini-
tial temperature, prior to the T-jump, does not contribute
to the observed conformational relaxation traces; these ki-
netics are from the fraction of DNA molecules that still
have a protein bound at the initial temperature, but could
include contributions from T-jump-induced DNA unbend-
ing within the complex as well as T-jump-induced DNA un-
bending from complex dissociation.

Guided by prior equilibrium studies that revealed a range
of temperature where changes in the acceptor ratio 7" for the
yNhp6A-DNA complex were detected while the complex
remained largely intact, as monitored by both anisotropy
and CD changes (Figures 5 and 6), we assign the relax-
ation kinetics measured in 100 mM NaCl in the temperature
range up to 45°C (sample temperature after the T-jump)
to unimolecular bending /unbending of DNA within the intact
YNhp6A—-DNA complex. As the temperature of the sample
exceeded ~45°C, the equilibrium studies detected dissocia-
tion of the complex, with the dissociated fraction increasing
as the temperature was raised. Thus, a T-jump perturbation
at these higher temperatures is expected to include contri-
butions from both unimolecular DNA bending/unbending
within the intact yNhp6A-DNA complex and bimolecular
protein—-DNA association/dissociation rates. T-jump mea-
surements at 200 mM NaCl did not reveal any relaxation ki-
netics in the temperature range expected for the unimolecu-
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lar unbending process, likely due to low amplitudes in these
kinetics that evaded detection in our apparatus.

Taken together, our equilibrium and kinetics data un-
der physiologically-relevant salt condition of 100 mM NaCl
and at temperatures up to ~45°C support the plausibility
of the proposed bind-then-bend kinetic pathway (Figure 2),
invoking an intermediate protein—-DNA complex involving
unbent duplex DNA. The data do not rule out the possibil-
ity that the bend-then-bind and/or concerted pathways are
also viable (Figure 2).

DISCUSSION

This work set out to address one of three persistent ques-
tions concerning the mechanism of HMGB proteins. These
questions include understanding intrinsic DNA binding
affinities for HMGB proteins, determining whether a static
kink or a flexible hinge best describes the properties of de-
formed DNA in the complex, and establishing the mech-
anistic order of steps in protein binding and DNA bend-
ing. Addressing the third question, we present evidence for
the plausibility of the bind-then-bend kinetic pathway (Fig-
ure 2) from a combination of FRET-, anisotropy- and CD-
based equilibrium and T-jump relaxation kinetics experi-
ments. These experiments do not rule out the other two ki-
netic paths (bend-then-bind, concerted; Figure 2) as permit-
ted mechanisms.

The bind-then-bend mechanism for a DNA-bending pro-
tein was first demonstrated for IHF binding to its cog-
nate H’ site, using both stopped-flow and laser T-jump ap-
proaches (30,31). The stopped-flow measurements in this
case first showed that the unimolecular DNA bending step
was distinct from the bimolecular association step (30). Re-
laxation rates, measured from time-resolved FRET changes
when THF and H’ (with FRET labels attached at either ter-
minus) were rapidly mixed together, exhibited a non-linear
(hyperbolic) dependence on increasing protein concentra-
tion, thus providing strong support for a bind-then-bend
mechanism for the IHF-H’ complex, and revealing the rate-
limiting unimolecular bending step at sufficiently high pro-
tein concentration. Equilibrium and T-jump measurements
on the IHF-H’ complex under identical buffer conditions
showed that the complex could be disturbed by T-jump per-
turbation from a high FRET to a low FRET state, without
any bimolecular dissociation (31). These studies enabled di-
rect measurements of unimolecular bending/unbending ki-
netics and extended the temperature range of observation
to much higher temperatures than was accessible by the
stopped-flow studies.

Stopped-flow studies on other DNA-bending proteins
have had limited success in detecting unimolecular DNA
bending steps, suggesting that these kinetics are typically
faster than the ~ms time-resolution of stopped-flow (41,48
50). A notable exception comes from recent stopped-flow
measurements of DNA binding and bending by DNA
mismatch recognition protein MutS, using anisotropy and
FRET measurements as probes of binding and bending
(34). These studies also demonstrated a bind-then-bend
mechanism for mismatch (T-bulge) recognition by MutS,
and revealed DNA bending on timescales of ~30 ms at 40°C
during formation of the specific complex.

While T-jump proved to be a powerful approach for de-
tecting DNA bending/unbending kinetics in the IHF-H’
complex on temperature- and time-scales not accessible by
stopped-flow, application of this approach to other DNA-
bending proteins has been limited by T-jump-induced bi-
molecular complex dissociation. In these cases, any FRET
changes that might arise from DNA unbending are ob-
scured by FRET changes due to complex dissociation.
In the present work we address this with a comprehen-
sive approach that circumvents these inherent difficulties
in T-jump studies of protein—-DNA interaction kinetics.
We map the thermodynamic ‘phase diagram’ for yNhp6a—
DNA complex stability as a function of salt concentration
and temperature. This effort applied both equilibrium flu-
orescence anisotropy and FRET as probes of DNA bind-
ing and DNA bending, respectively, to interpret subsequent
FRET relaxation kinetics measured under these same con-
ditions.

We first address the main conclusions from the equilib-
rium studies. Our binding isotherms at different salt con-
ditions (measured using acceptor ratio as a probe) demon-
strate a decrease in the extent of DNA bending with in-
creasing cation concentration. Why does increasing cation
concentration result in DNA straightening within the in-
tact Nhp6A-DNA complex? This observation can be inter-
preted as a change in the equilibrium constant for the bent-
straight DNA conformational equilibrium. By LeChate-
lier’s principle, such a result is expected if the Nhp6A com-
plex with straight DNA binds more monovalent cations
than the bent complex. This is plausible if the bent DNA
form makes more salt bridges with the protein, releasing
more condensed cations than the straight form. Given the
known disposition of the N-terminal cationic domain of
Nhp6A in the compressed DNA major groove of the bent
complex, changes in conformation of protein or DNA that
reduce the number of salt bridge contacts in this N-terminal
region, for example, are consistent with this result. Other
protein conformational transitions driven by cations may
have similar consequences for the protein—-DNA interface
and are also consistent with a shift in the equilibrium to-
ward protein-bound conformations with straight DNA. In-
deed, these results are consistent with previous studies that
have also shown FRET evidence for partial DNA straight-
ening by increasing salt in the context of intact HMGB pro-
tein complexes (23) as well as with intact IHF protein com-
plexes (495).

Our equilibrium results also reveal salt and temperature
conditions where DNA unbending within an intact com-
plex is detected. These findings, combined with the T-jump
kinetics studies, provide clear evidence for a bind-then-
bend pathway describing yNhp6A—-DNA interactions, with
the first measurement of unimolecular DNA bending rates
in the context of a complex with a sequence-nonspecific
DNA binding protein. The observed unimolecular DNA
bending/unbending kinetics, measured in 100 mM NaCl,
are found to occur on timescales of ~500 ws—1 ms in the
temperature range 33—45°C (Figure 9). To put these mea-
surements in the context of measurements on other DNA-
bending proteins, we include the corresponding rates mea-
sured for the IHF-H’ complex, also at 100 mM NacCl (32).
While structurally unrelated, both eukaryotic HMGB pro-
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Figure 9. Comparison of unimolecular DNA bending/unbending rates
measured on yNhp6A-DNA with those on IHF-DNA. Relaxation rates
for the unimolecular DNA bending/unbending kinetics in the yNhp6A—
DNA complex measured at 100 mM NaCl (orange circles) are plotted ver-
sus inverse temperature. Corresponding rates from biphasic kinetics mea-
sured on the IHF-H’ complex in 100 mM KCl, from Velmurugu et al.
(54) are also shown (burgundy, open and filled, triangles). The continuous
lines are the corresponding Arrhenius fits. The shaded areas represent the
range of base-pair (bp) opening rates from imino-proton exchange mea-
surements for A:T (pink) and C:G (cyan) respectively (63).

teins and E. coli IHF bend DNA using amino acid intercala-
tion. HMGB proteins are characterized by two prominent
intercalating residues (e.g. methionine and phenylalanine)
required to stabilize the bent complex (2,51,52), and IHF
has two intercalating proline residues that engage kink sites
in the specific complex (53). T-jump studies on specific IHF-
DNA complexes and a series of mutants revealed biphasic
DNA bending/unbending kinetics (54). The fast phase was
attributed to nonspecific bending of DNA by IHF, largely
as a result of electrostatic interactions. The slow step was
attributed to spontancous kinking of DNA on time-scales
similar to base pair breathing events. The IHF studies indi-
cated that the protein binds randomly to unbent DNA and
‘waits’ for a spontaneous fluctuation that allows the DNA
to sample a distorted conformation that is ‘captured’ and
stabilized by the protein in the target recognition process.
The DNA bending/unbending rates measured within the
intact yNhp6A-DNA complex fall between the two rates
measured for the ITHF-H’ complex, suggesting that yNhp6A
may be actively inducing the DNA bending deformation.
However, these data are insufficient to elucidate if the DNA
bending step precedes insertion of key intercalating residues
or whether the intercalation causes the DNA to bend. These
are intriguing questions that are relevant to a wide class of
DNA bending proteins, since intercalation of key residues
to induce or stabilize sharp kinks in DNA is a common
theme in many DNA-bending protein complexes (2,55-58).
Answering these questions will require a closer examination
of the nature of the intermediates along the DNA bend-
ing trajectory, similar to studies on IHF-DNA complexes
as well as recent studies carried out to map the sequence of
conformational changes during lesion recognition by DNA
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damage recognition protein, Rad4/XPC, involved in nu-
cleotide excision repair (59,60).

Finally, we address the second question posed initially:
does a static kink or a flexible hinge best describe the de-
formed DNA in a yNhp6A-DNA complex? Prior single
molecule FRET studies of Nhp6A lacked the time reso-
lution necessary to clarify whether the bent DNA within
the yNhp6A-DNA complex explores two or more states
(29). In the present study, it is tempting to interpret the
range of FRET signals observed for the yNhp6A-DNA
complex at different [NaCl] as direct evidence for a flexi-
ble hinge DNA state in the yNhp6A-DNA complex (Fig-
ure 3B). Our binding isotherms measured at 20°C demon-
strate that FRET signals (as detected by acceptor ratio) un-
der conditions where DNA is saturated with protein clearly
decrease with increasing [NaCl], indicating that, on average,
DNA in the yNhp6A-DNA complex is less bent at higher
[NaCl]. Moreover, our data provide strong evidence for
heat-induced unbending within an intact complex. While
these data do not prove that there is a distribution of acces-
sible bent conformations at a given [NaCl], they nonetheless
support the plausibility of a flexible hinge model. Such dy-
namic flexibility was recently demonstrated for [HF-DNA
specific complexes (45) and has been implicated in the mech-
anism underlying ‘facilitated dissociation” of DNA-binding
proteins, whereby dynamic fluctuations in the bound com-
plex enables competitor proteins from solution to bind and
displace an already bound protein, resulting in protein con-
centration dependent dissociation rates (27,61,62).
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