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Abstract: A two-dimensional TROSY-based z-exchange 1H-15N correlation experiment for the quantitative
analysis of kinetic processes in the slow exchange regime is presented. The pulse scheme converts the
product operator terms Nz into 2NzHz and 2NzHz into -Nz in the middle of the z-mixing period, thereby
suppressing the buildup of spurious semi-TROSY peaks arising from the different relaxation rates for the
Nz and 2NzHz terms and simplifying the behavior of longitudinal magnetization for an exchanging system
during the mixing period. Theoretical considerations and experimental data demonstrate that the TROSY-
based z-exchange experiment permits quantitative determination of rate constants using the same procedure
as that for the conventional non-TROSY 15Nz-exchange experiment. Line narrowing as a consequence of
the use of the TROSY principle makes the method particularly suitable for kinetic studies at low temperature,
thereby permitting activation energies to be extracted from data acquired over a wider temperature range.
We applied this method to the investigation of the process whereby the HoxD9 homeodomain translocates
between specific target sites on different DNA molecules via a direct transfer mechanism without going
through the intermediary of free protein. The activation enthalpy for intermolecular translocation was
determined to be 17 kcal/mol.

Introduction

NMR exchange spectroscopy (EXSY) is a powerful tool for
studying dynamic processes in the slow exchange regime. The
methodology permits the determination of rate constants for both
forward and backward reactions at equilibrium. Two-dimen-
sional1H-1H EXSY experiments, first proposed by Jeener et
al. in 1979,1 have been extensively used for kinetic investigations
of various chemical exchange processes involving small organic
compounds (see ref 2 for a review). For macromolecules,1H-
1H EXSY experiments are generally less suited since exchange
and NOE peaks are present and may be difficult to separate
owing to extensive chemical shift overlap.3 Exchange experi-
ments involving heteronuclear longitudinal magnetization of
product operator terms such as 2SzIz and Sz that only detect
exchange processes were therefore proposed.4,5 z-Exchange

experiments based on heteronuclear correlation spectroscopy
have been used for quantitative kinetic investigations of
conformational exchange,4a,6-9 protein/RNA folding,4b,5,10and
protein-ligand interactions.11-13

In principle, activation energies can be obtained from the
temperature dependence of the measured rate constants. For
biological macromolecules, the available temperature range is
limited owing to sample instability at high temperature and
poorer quality spectra (i.e., extensive line broadening) at low
temperature owing to longer rotational correlation times. In this
paper, we demonstrate the utility of a1H-15N TROSY-based
z-exchange experiment for quantitative determination of rate
constants, which is suitable for both low temperature measure-
ments and large molecular weight systems. The extension of a
1H-15N TROSY-based pulse scheme to az-exchange experi-
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ment is nontrivial since the simplistic incorporation of az-mixing
period following thet1 evolution period results in undesired
buildup of spurious peaks owing to different relaxation rates
for the Nz and 2NzHz terms. We have solved this problem by
incorporating a scheme to convert theNz term into 2NzHz and
the 2NzHz term into -Nz in the middle of thez-mixing period.
This scheme has the additional benefit of simplifying the
behavior of the magnetizations of these two terms in an
exchanging system, allowing one to determine rate constants
from the dependence of the auto- and exchange-peak intensities
as a function of mixing time in the same way as that for the
conventional non-TROSY15Nz-exchange experiment. Because
of line narrowing arising from use of the TROSY principle,14

the quality of data obtained with the new pulse sequence at
low temperature is far superior to that for the conventional non-
TROSY z-exchange experiment. The pulse sequence permits
kinetic analysis over a wider range of temperature and is
therefore suitable for the determination of activation energies
for exchange processes involving biological macromolecules.
The utility of the method is demonstrated by determining the
activation energy for the translocation of the HoxD9 home-
odomain from its specific target site on one DNA molecule to
another. This exchange reaction involves direct transfer of the
protein between DNA molecules without going through the
intermediary of free protein and plays an important role in the
target search process whereby a transcription factor locates its
specific DNA target site.11,15,16

Materials and Methods

NMR Sample. The 2H-/15N-labeled HoxD9 homeodomain and
double-stranded DNA duplexes (24 base pairs) were prepared as
described previously.11,14 The base sequence of one strand of DNA
duplex a is 5′d-CACCTCTCTAATGGCTCACACCTG-3′ (with the
homeodomain binding site underlined). The equivalent strand for DNA
duplexb is identical except that the C‚G base pair indicated in bold is
replaced by an A‚T base pair. The affinities of HoxD9 for DNA
duplexesa and b DNA are virtually identical.11 The NMR sample
contained 0.7 mM2H-/15N-labeled protein, 0.4 mM DNA duplexa,
and 0.6 mM DNA duplexb in a buffer comprising 10 mM sodium
phosphate (pH 6.5), 40 mM NaCl, 0.4 mM NaF (as an antibacterial
agent), and 93% H2O/7% D2O. Under these conditions, all the protein
is bound to DNA (either duplexa or b) and the molar ratio of the two
complexesa andb is 2:3. Although a Tris‚HCl buffer was used for the
previous investigation,11 we used phosphate buffer for the present study
since the pH of Tris‚HCl is highly dependent on temperature.

NMR Spectroscopy.All NMR data were recorded on the Varian
NMR system operated at a1H-frequency of 800 MHz. The TROSY-
basedz-exchange1H-15N correlation experiments (Figure 1A) were
carried out at 8, 15, 20, 30, and 35°C. Data with eight different mixing
times between 0.02 s and 0.65 s were acquired in an interleaved manner.
Sixteen scans were accumulated per FID, and the maximum values of
t1 andt2 were 67 and 54 ms, respectively, yielding a measurement time
of about 23 h. All other details of the NMR experiment are described
in the caption to Figure 1. For comparison,15Nz-exchange1H-15N
correlation spectra5 were collected at 8 and 20°C using the same
number of scans, data points, and spectral widths as those used for the
TROSY-basedz-exchange experiment. NMR data were processed using
NMRPipe,17 and the spectra were analyzed using NMRView.18 The
rate constants were obtained by best-fitting the intensities of auto- and

exchange peaks as a function of mixing time by numerically integrating
the McConnell equations (cf. eq 9) and optimizing the unknown
parameters (rate constants, spin-latice relaxation rate and scale factors)
using the program FACSIMILE19 as described previously.3,11

Theoretical Considerations

First, we consider the behavior of the components of
z-magnetization during the mixing period for a nonexchanging
15N-1H spin system. At point a in the pulse scheme depicted
in Figure 1A, two product operator terms 2NzHz and Nz are
present as a result ofJ-evolution during thet1 evolution period.
Assuming that cross-relaxation betweenHz and Nz terms is
negligible, the behavior of the 2NzHz andNz terms during the
period between points a and b is given by20,21
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Figure 1. Pulse sequences for TROSY-basedz-exchange spectroscopy.
(A) Pulse sequence for the TROSY-basedz-exchange 2D1H-15N correla-
tion experiment incorporating the S-scheme to suppress the buildup of
spurious semi-TROSY peaks during the mixing period. Thin and bold bars
represent 90° and 180° pulses, respectively. Unless indicated otherwise,
pulse phases arex. 1H pulses represented by short bold bars are soft
rectangular 90° pulses selective to water (1.2 ms). The delayτ is set to 2.7
ms. The S-scheme (colored in green) is applied in the middle of thez-mixing
period T to convertNz into 2HzNz and 2NzHz into -Nz terms. For Varian
spectrometers, the phase cycles are as follows:φ1 ) {x, -x, y, -y}; ψ1 )
-y; φ2 ) {2(x, -x, y, -y), 2(-x, x, -y, y)}; φ3 ) {-x, x, -y, y}; φ4 ) {y,
-y, -x, x}; φ5 ) {4x, 4(-x)}; ψ2 ) {4(-y), 4y}; rec.) {x, -x, y, -y, x,
-x, -y, y, -x, x, -y, y, -x, x, y, -y}. For Bruker spectrometers,y and-y
should be swapped for theψ1 and receiver phases. The difference in phases
required for the two spectrometer systems is due to the fact that the manner
used to shift phase for positive and negative gyromagnetic nuclei is
instrument dependent, as noted previously in the literature.34-36 Quadrature
detection in thet1 domain was achieved using States-TPPI, incrementing
the phaseφ1. Amplitudes and lengths of pulse field-gradients were as
follows: g1, 8 G/cm, 1.0 ms;g2, -19 G/cm, 1.7 ms;g3, -19 G/cm, 1.0
ms;g4, 8 G/cm, 0.6 ms;g5, 12 G/cm, 0.7 ms;g6, 12 G/cm, 0.6 ms;g7, 15
G/cm, 0.7 ms. The rate constants for exchange were determined from the
intensities of the exchange- and auto-peaks recorded in a series of 2D spectra
with different values ofT. (B) Simplistic version of a TROSY-based
z-exchange experiment without incorporation of the S-scheme. Phaseψ2 is
{4(y), 4(-y)} for the TROSY selection; other phases are as those in (A).
The pulse sequence of panel B was used for Figure 2C but in practice is
not suitable for quantitative applications (see text). For each pulse sequence,
the consequences of the phase cycles employed were analyzed with the
program POMA37 for both 1Hz- and15Nz-derived magnetizations.
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whereRzzandRz are relaxation rates for the 2NzHz andNz terms,
respectively, andηz is the rate for cross-correlation between
these terms.Rzz is significantly larger thanRz owing to1H-1H
dipolar interactions. The magnetization of each term in eq 1 is
the average for the phase cycle alternating signs ofz-magnetiza-
tion, and〈Nz〉(∞) ) 0 instead of the Boltzmann magnetization.22

An analytical solution for eq 1 can readily be obtained using
standard procedures (such as that given in ref 23):

where the elements ofP(t) are as follows:

In eqs 3-5, the ratesλ- andλ+ are given byλ( ) 0.5{Rzz +

Rz ( x(Rzz- Rz)2 + 4ηz
2}, and the coefficientsκ and µ are

given byκ ) 0.5{1 - (Rzz - Rz)/(λ+ - λ-)} andµ ) 0.5{1 +
(Rzz - Rz)/(λ+ - λ-)}, respectively.

The simplest way to incorporate az-mixing period into the
TROSY-based1H-15N correlation experiment is shown in
Figure 1B but is problematic owing to the buildup of spurious
semi-TROSY cross-peaks at (15N, 1H) ) (ΩN + π|JNH|, ΩH +
π|JNH|) arising from an imbalance in the 2NzHz andNz terms
upon increasing the mixing timeT. Considering the phase cycle
for TROSY-selection, the intensities of the TROSY cross-peak
at (ΩN - π|JNH|, ΩH + π|JNH|) and the spurious semi-TROSY
cross-peak at (ΩN + π|JNH|, ΩH + π|JNH|) can be calculated as
a function of mixing timeT using eqs 2-5 (Figure 2A). The
simulation indicates that the two cross-peaks are of opposite
sign and the signal at (ΩN + π|JNH|, ΩH + π|JNH|) can only be
suppressed whenT ) 0 or Rzz) Rz (which is not possible even
for deuterated proteins). The buildup of the negative cross-peaks
at (ΩN + π|JNH|, ΩH + π|JNH|) is clearly seen in the
experimental spectra (Figure 2C) recorded using the pulse
scheme of Figure 1B.

To solve this problem, we introduce a scheme, hereafter
referred to as the S-scheme, that converts 2NzHz into -Nz

magnetization andNz into 2NzHz magnetization in the middle
of the z-mixing period and accordingly alter the phase cycle
for the TROSY-selection (Figure 1A). In this case, the mag-
netization at the end of thez-mixing period (point d in Figure
1A) is given by

where the coefficientf represents a scaling factor to account
for relaxation during the S-scheme, and using eqs 3-5:

Note that the two terms decay in a single-exponential manner
with the identical relaxation rateRh ) (Rzz + Rz)/2. Since an
imbalance between theNz and 2NzHz terms does not occur in
this case, the semi-TROSY component does not buildup even
at longz-mixing timesT (Figure 2B). In addition, the process
is independent of the cross-correlation rateηz.

Next, we consider for the S-scheme the effect of slow
exchange between two statesa and b with rate constantskab

andkba for thea f b andb f a transitions, respectively. Since
the signal decays in a single-exponential manner (cf. eq 8), one
would expect that the mixing time-dependence of the auto- and
exchange-peaks can be described by the McConnell equations24

for longitudinal magnetization

where M represents the signal intensities of the TROSY-
components. Numerical calculations indicate that this is indeed
correct as shown below. Strictly speaking, the overall behavior
of thez-magnetization terms for the two-site exchange system
is given by

Figure 3 shows the time courses for the auto-peaks and
exchange-peaks simulated using either eq 9 (dashed lines) or
eqs 10-12 (solid lines). Although eq 9 is much simpler, the
results are identical and independent of the cross-correlation
rates. Thus, the S-scheme pulse sequence shown in Figure 1A
permits quantitative determination of rate constants using the
same calculation approach as that used for the conventional non-
TROSY 15Nz-exchange experiment.
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Results and Discussion

We used the TROSY-basedz-exchange experiment to study
the temperature dependence of the kinetics of translocation of
the homeodomain transcription factor HoxD9 from a specific
target site on one DNA molecule to the specific target site on
another DNA molecule using the “mixture approach” employed
in our previous studies.11,15,16In this approach three macromo-
lecular components are mixed together:2H/15N-labeled HoxD9
homeodomain and two 24-bp DNA duplexesa andb (Figure
4A). The two DNA duplexesa andb are identical except for a
single base pair mutation immediately adjacent to the central
six base-pair specific target site and the affinities of HoxD9 for
the two duplexes are virtually identical.11 For some residues,
the chemical shifts of the1H-15N correlation cross-peaks arising
from the two complexes are slightly different owing to the
difference in DNA sequence, thereby permitting us to study the
kinetics of the exchange reaction in which the homeodomain is
transferred from one DNA molecule to another. Previous studies
have shown that at high concentrations of free DNA (>10-6

M) intermolecular translocation of the HoxD9 homeodomain
takes place predominantly through a direct transfer mechanism

rather than via a two-step mechanism involving dissociation of
the protein into free solution followed by reassociation.11 Direct
transfer, also known as “intersegment transfer”, is a second-
order reaction in which collision between the protein-DNA
complex and free DNA mediates intermolecular translocation.25-29

As described previously,11 the behavior of longitudinal com-
ponents of the magnetization for the direct transfer process can
be described by eq 9, in which the apparent translocation rate
is given by the product of the second-order rate constant for
direct transfer and the concentration of free DNA. Under the
present experimental conditions, translocation of HoxD9 be-
tween the two DNA duplexesa andb is in the slow exchange
regime. Figure 4B shows the autopeaks and exchange peaks
arising from the backbone amide group of Arg-5 at 20°C at

(25) Berg, O. G.; Winter, R. B.; von Hippel, P. H.Biochemistry1981, 20, 3040-
3052.

(26) Fried, M. G.; Crothers, D. M.J. Mol. Biol. 1984, 172, 263-282.
(27) Ruusala, T.; Crothers, D. M.Proc. Natl. Acad. Sci. U.S.A.1992, 89, 4903-

4907.
(28) Cho, S.; Wensink, P. C.J. Biol. Chem. 1997, 272, 3185-3189.
(29) Lieberman, B. A.; Nordeen, S. K.J. Biol. Chem. 1997, 272, 1061-1068.
(30) Hovde, S.; Abate-Shen, C.; Geiger, J. H.Biochemistry2001, 40, 12013-

12021.
(31) Fraenkel, E.; Pabo, C. O.Nat. Struct. Biol. 1998, 5, 692-697.

Figure 2. Suppression of spurious semi-TROSY peak buildup by the S-scheme placed in the middle of thez-mixing period. Simulated time courses (A)
without and (B) with the S-scheme. Equations 2-5 are used for the former and eqs 6-8 are used for the latter and correspond to the pulse schemes shown
in Figures 1B and A, respectively. Parameters used for these simulations wereRzz ) 4.8 s-1, Rz ) 0.8 s-1, andηz ) 0.5 s-1. The phase cycles for TROSY-
selection for each experiment were taken into consideration in the simulations. Experimental TROSY-basedz-exchange1H-15N correlation spectra measured
at 20°C on the2H/15N-labeled HoxD9 homeodomain complexed to the 24 bp DNA duplexa recorded (C) without and (D) with the S-scheme using the
pulse sequences shown in Figure 1B and A, respectively. Positive and negative contours are displayed in black and red, respectively. Slices along the
15N-dimension of the spectrum recorded with a mixing time ofT ) 0.4 s at the positions indicated with black arrows are also shown. The appearance of
spurious semi-TROSY peaks in the spectra recorded without the S-scheme is due to an imbalance between the 2HzNz and Nz terms arising from their
different relaxation rates.
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three mixing times (20, 54, and 146 ms) using the TROSY-
basedz-exchange1H-15N correlation experiment. The exchange
peaks are apparent in the spectra recorded with the two longer
mixing times. Using data collected at eight different mixing
times, we were able to determine the translocation rates by
nonlinear least-squares fitting to the experimental time depen-
dence of the exchange- and auto-peak intensities.

Comparison of TROSY-Based and Non-TROSY Nz-
Exchange Experiments. Data on the same sample were
collected at 20°C using the conventional non-TROSY15Nz

exchange experiment5 to compare the reliability of the rate
constants derived from the non-TROSY and TROSY-based
pulse sequences. As is evident from Figure 5, the time courses
for the autopeak and exchange peak intensities observed for
the two experiments appear to be quite different. This is simply
due to the fact that the apparent longitudinal relaxation rate
during the mixing period is faster for the TROSY-based
z-exchange experiment due to the 50% contribution fromRzz

(see eq 8). However, the protein translocation rates,kab andkba,
determined by least-squares analysis using eq 9 are identical
within experimental error for the two experiments (Figure 5).
This observation provides experimental confirmation that the
TROSY-based and conventional non-TROSYz-exchange ex-
periments can be analyzed in the same way.

The line shapes of the auto- and exchange-peaks in the
TROSY-basedz-exchange1H-15N correlation experiment are
significantly narrower than those in the15Nz-exchange experi-
ment, which is especially advantageous at low temperature and
high magnetic field. This is clearly illustrated in Figure 6 which
provides a comparison of the two experiments for the auto- and
exchange-peaks of the backbone amide group of Thr-9 measured
at 8°C and a1H-frequency of 800 MHz (with a mixing time of
0.38 s). In the case of Thr-9 the1H- and 15N-chemical shift
differences between complexesa andb are relatively small. As
a result the auto- and exchange-peaks of Thr-9 are not resolved
in the conventional non-TROSY15Nz-exchange (Figure 6A) but
are clearly resolved in the TROSY-basedz-exchange experiment
due to the better line shapes (Figure 6B). Thus, the TROSY-
basedz-exchange experiment is useful for kinetic analysis either
at low temperature and/or for a large molecular weight systems.

Determination of the Activation Energy for Intermolecu-
lar Translocation of HoxD9 between Specific Sites on
Different DNA Molecules.Using the TROSY-basedz-exchange
experiment, we measured the translocation rates at 8, 15, 20,
30, and 35°C. The translocation rates at 8°C were∼15-fold

Figure 3. Simulations of time courses of auto- and exchange-peak
intensities for the TROSY-basedz-exchange experiment with the S-scheme.
Two panels show results of simulations employing a different set of kinetic
rate constants (A,kab ) 1.5 s-1 andkba ) 1.0 s-1; B, kab ) 15.0 s-1 and
kba ) 10.0 s-1). The other parameters employed in each calculation are as
follows: Rzz

a ) 4.8 s-1, Rz
a ) 0.8 s-1, ηz

a ) 0.5 s-1, Rzz
b ) 3.0 s-1, Rz

b ) 0.5
s-1, andηz

b ) 0.3 s-1. The solid magenta lines are calculated with eqs 10-
12 for (a f a) auto- and (a f b) exchange-peaks, whereas the dotted black
lines are obtained using eq 9. For all examined values of the parameters
Rzz, Rz, ηz, kab, andkba, the results from eqs 10-12 were found to be identical
with those with eq 9. Thus rate constants can be obtained in the same way
as that for the conventional non-TROSYz-exchange experiment.

Figure 4. Intermolecular translocation of HoxD9 between specific sites
located on different DNA duplexes. (A) The system studied: the NMR
sample contains three macromolecular components: the2H/15N-labeled
HOXD9 homeodomain and two 24-bp DNA duplexesa andb. Red (C‚G)
and green (A‚T) represent the base pair at position 8 that is different between
DNA duplexesa and b. (B) Auto- and exchange-peaks arising from the
backbone amide group of Arg-5 observed in the TROSY-basedz-exchange
experiment recorded with three different mixing timesT. The spectra were
obtained at 20°C.

Figure 5. Comparison of (A) the conventional non-TROSY15Nz-exchange
experiment5 and (B) the present TROSY-basedz-exchange experiment for
quantitative evaluation of rate constants. The experimental intensities for
the auto- and exchange-peaks of Arg-5 (20°C) as a function of mixing
time together with the best-fit theoretical curves obtained by nonlinear least-
squares optimization are shown (black, af a; red, bf b; green, af b;
blue, bf a). The values ofkab andkba obtained are displayed in the figures
and are identical within experimental error for the two experiments. The
longitudinal relaxation rates for complexesa and b were assumed to be
identical. The values of the relaxation rates were calculated to beRh ) 2.8
s-1 for the TROSY-basedz-exchange experiment andRz ) 0.8 s-1 for the
conventional non-TROSY15Nz-exchange experiment.
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slower than those at 35°C. Figure 7A shows Eyring plots of
the temperature-dependence of the translocation rateskab and
kba. The activation enthalpy (∆Hq) and entropy (∆Sq) were
determined using the Eyring equation (lnk/T ) -∆Hq/RT +
ln kB/h + ∆Sq/R, wherekB is the Boltzmann constant,h, Planck’s

constant, andR, the gas constant). The obtained values were
∆Hq ) 17.1 ( 1.0 kcal‚mol-1 and ∆Sq ) 3.7 ( 3.4
cal‚mol-1‚K-1 for the translocation from DNAa to b; ∆Hq )
17.3( 1.6 kcal‚mol-1 and∆Sq ) 3.9( 5.6 cal‚mol-1‚K-1 for
b to a. Since activation free energies at 298 K (∆G298K

q ) are
calculated to be 16 kcal‚mol-1, the energy barrier for protein
translocation between DNA molecules is primarily enthalpic
in origin.

It is interesting to compare the energetics of translocation
with those for the dissociation process from the bound state to
the free state. The free energy difference between the two states
(∆Gd) can be calculated from the equilibrium dissociation
constant. For the specific interaction between the HoxD9
homeodomain and the 24-bp DNA duplexes containing the
specific target sequence,∆Gd at 298 K is calculated to be 12
kcal/mol. The rate constantkoff for dissociation of HoxD9 from
its specific DNA site, determined from gel shift assays, is 0.01
s-1.32 From this value and the equationkoff ) (kBT/h) exp{-∆
Gd

q/(RT)}, the activation free energy for the dissociation pro-
cess (∆Gd

q) is estimated to be 20 kcal/mol. Thus, the energy
barrier for translocation through the direct transfer mechanism11

is significantly lower than that for dissociation. A schematic
comparison of the energetics of translocation and dissociation
is shown in Figure 7B.

Concluding Remarks

In this paper, we have presented TROSY-basedz-exchange
spectroscopy for quantitative measurement of rate constants for
a system in the slow exchange regime. During the preparation
of the present manuscript, Peruvshin et al.33 published a pseudo-
four-dimensional TROSY-based spin-state exchange experiment
that is quite different from ours. These experiments were
designed for assignment purposes rather than for quantitative
use to measure rate constants. (Indeed, Peruvshin et al. made
use of a conventionalzz-exchange experiment to determine the
exchange rate in their system.) Our TROSY-basedz-exchange
experiment presented here permits quantitative determination
of rate constants in the same manner as that employed for
conventional non-TROSY exchange experiments. Because of
the use of the TROSY principle, kinetic measurements are
feasible over a wider range of temperatures and for larger
molecular weight systems than was heretofore possible, thereby
making feasible analysis of activation energies for biologically
important processes involving macromolecules.
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Figure 6. The TROSY-principle improves separation of auto- and
exchange-peaks at low temperature. Signals from Thr-9 obtained at 8°C
(A) with the conventional non-TROSY15Nz-exchange experiment5 and (B)
with the TROSY-basedz-exchange experiment (Figure 1A) using the same
mixing time (T ) 0.38 s) are displayed. Data were measured using the
same digital resolution and processed in an identical manner.

Figure 7. Energetics of translocation of HoxD9 between specific sites on
different DNA molecules. (A) Eyring plots of the translocation rates
measured at 8, 15, 20, 30, and 35°C (kab, black; kba, magenta). The
activation enthalpy (∆Hq) and entropy (∆Sq) were determined using the
Eyring equation (see text). (B) Schematic diagram comparing the energetics
of translocation (red) and dissociation (see text). Blue arrows represent the
intermolecular translocation process characterized in the present study. The
enthalpy for breaking all intermolecular hydrogen bonds (∼30 kcal/mol)
was estimated from the crystal structures of two highly homologous
homeodomain-DNA complexes (PDB codes 1IG730 and 9ANT31).
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