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Abstract: A two-dimensional TROSY-based z-exchange *H—1°N correlation experiment for the quantitative
analysis of kinetic processes in the slow exchange regime is presented. The pulse scheme converts the
product operator terms N into 2N,H; and 2N,H; into -N; 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
N, and 2N;H; 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 SN_-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 experiments based on heteronuclear correlation spectroscopy

NMR exchange spectroscopy (EXSY) is a powerful tool for have been used for qu:rg]titative kinetic invest:[ig%tions of
i ) i i 4b,5,1
studying dynamic processes in the slow exchange regime. Theconfo_rmgtlonal_exchaqg‘é,él_lgrotem/RNA folding;™>*"and
methodology permits the determination of rate constants for both protem_—llg_and |nte_rac_t|on : ) )
forward and backward reactions at equilibrium. Two-dimen- " Principle, activation energies can be obtained from the
sional’H—1H EXSY experiments, first proposed by Jeener et temperature dependence of the measured rate constants. For
al. in 1979" have been extensively used for kinetic investigations Piological macromolecules, the available temperature range is

of various chemical exchange processes involving small organicimited owing to sample instability at high temperature and
compounds (see ref 2 for a review). For macromoleciids, poorer quality spectra (i.e., extensive line broadening) at low

1H EXSY experiments are generally less suited since eXchangetemperature owing to longer rotational correlation times. In this

ili __15 -
and NOE peaks are present and may be difficult to separateP2Pel, We demonstrate the utility ofi—1*N TROSY-based
owing to extensive chemical shift overl&fExchange experi- z-exchange e>.<pe_r|mer.1t for quantitative determination of rate
ments involving heteronuclear longitudinal magnetization of constants, which is suitable for_ both low temperature measure-
product operator terms such as,2 and S, that only detect ments and large molecular weight systems. The extension of a

exchange processes were therefore propb2edExchange 'H—1*N TROSY-based pulse scheme ta-axchange experi-

(6) Otting, G.; Liepinsh, E.; Wihrich, K. Biochemistry1993 32, 3571-3582.

TUniversity of Texas Medical Branch. (7) Nieto, P. M.; Birdsall, B.; Morgan, W. D.; Frenkiel, T. A.; Gargaro, A. R.;
¥ National Institutes of Health. Feeney, JFEBS Lett.1997, 405, 16—20.
(1) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.R-Chem. Phys1979 (8) Spranger, R.; Gribun, A.; Hwang, P. M.; Houry, W. A.; Kay, L.Foc.
71, 4546-4553. Natl. Acad. Sci. U.S.A2005 102 16678-16683.
(2) Perrin, C. L.; Dwyer, T. JChem. Re. 1990 90, 935-967. (9) Bosco, D. A.; Eisenmesser, E. Z.; Pochapski, S.; Sundquist, W. I.; Kern,
(3) (a) Clore, G. M.; Driscoll, P. C.; Wingdfield, P. T.; Gronenborn, A. M. D. Proc. Natl. Acad. Sci. U.S.£2002 99, 5247-5252.
Biochemistryl99Q 29, 7384-7401. (b) Clore, G. M.; Omichinski, J. G.; (10) Wenter, P.; Bodenhausen, G.; Dittmer, J.; Pitsch].SAm. Chem. Soc
Gronenborn, A. MJ. Am. Chem. S0d.991, 113 4350-4351. 2006 128 7579-7587.
(4) (a) Montelione, G. T.; Wagner, G. Am. Chem. Sod.989 111, 3096~ (11) Iwahara, J.; Clore, G. Ml. Am. Chem. So2006 128 404—405.
3098. (b) Wider, G.; Neri, D.; Whhrich, K. J. Biomol. NMR1991, 1, 93— (12) John, M.; Headlam, M. J.; Dixon, N. E.; Otting, &.Biomol. NMR2007,
98. 37, 43-51.
(5) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L.E.Biomol. NMR (13) Cai, M.; Huang, Y.; Suh, J.-Y,; Louis, J. M.; Ghirlando, R.; Craigie, R.;
1994 4, 727-734. Clore, G. M.J. Biol. Chem2007, 282, 14525-14535.
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ment is nontrivial since the simplistic incorporation atenixing A Py the S-scheme 1y

period following thet; evolution period results in undesired ITITI xl-x ‘B i ty
buildup of spurious peaks owing to different relaxation rates  'H r» ro » " 7 Rec—

for the N, and N,H, terms. We have solved this problem by
incorporating a scheme to convert tNeterm into 2\,H, and

the 2\,H, term into N, 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 intensitie

as a function of mixing time in the same way as that for the
conventional non-TROSYN_exchange experiment. Because
of line narrowing arising from use of the TROSY principfe,

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

ta bt c dt
91 91 92 93 94 94 95 95 95 97 97
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W1 W2
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Figure 1. Pulse sequences for TROSY-baseedxchange spectroscopy.
(A) Pulse sequence for the TROSY-bageskchange 2BH—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 90and 180 pulses, respectively. Unless indicated otherwise,
pulse phases are. 'H pulses represented by short bold bars are soft
rectangular 99pulses selective to water (1.2 ms). The detay set to 2.7

another. This exchange reaction involves direct transfer of the ms. The S-scheme (colored in green) is applied in the middle afthieing

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 sité!1516
Materials and Methods

NMR Sample. The 2H-/**N-labeled HoxD9 homeodomain and

period T to convertN; into 2H,N, and 2NH; into -N, terms. For Varian
spectrometers, the phase cycles are as follopys= {X, =X, y, —y}; ¥1 =

Y 92 ={2(¢ =X Y, =¥, 2% % =Y, M} p3={ =X X, —Y, V}; da={y,

Y, =% % @5 = {4x, 4(=X}; 2 = {4(=y), 4} rec. = {X, =X, ¥, =Y, X,

=X, =Y, ¥, =X X =Y, ¥, =X, X, ¥, —Yy}. For Bruker spectrometergand—y
should be swapped for the; 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 liter&fufé Quadrature

double-stranded DNA duplexes (24 base pairs) were prepared asdetection in the; domain was achieved using States-TPPI, incrementing

described previousBA** The base sequence of one strand of DNA
duplexa is 5d-CACCTCTCTAATGGCTCACACCTG-3 (with the
homeodomain binding site underlined). The equivalent strand for DNA
duplexb is identical except that the-G base pair indicated in bold is
replaced by an AT base pair. The affinities of HoxD9 for DNA
duplexesa and b DNA are virtually identicak! The NMR sample
contained 0.7 mMPH-/*N-labeled protein, 0.4 mM DNA duples,

and 0.6 mM DNA duplexb in a buffer comprising 10 mM sodium
phosphate (pH 6.5), 40 mM NacCl, 0.4 mM NaF (as an antibacterial
agent), and 93% ¥D/7% D,O. Under these conditions, all the protein
is bound to DNA (either duplea or b) and the molar ratio of the two
complexesa andb is 2:3. Although a TrisHCI buffer was used for the
previous investigatio® we used phosphate buffer for the present study
since the pH of TriHCI is highly dependent on temperature.

NMR Spectroscopy.All NMR data were recorded on the Varian
NMR system operated at*i-frequency of 800 MHz. The TROSY-
basedz-exchange!H—1°N correlation experiments (Figure 1A) were
carried out at 8, 15, 20, 30, and 35. Data with eight different mixing

the phasep;. Amplitudes and lengths of pulse field-gradients were as
follows: @i, 8 G/cm, 1.0 msp,, —19 G/cm, 1.7 msgs, —19 G/cm, 1.0

ms; gs, 8 G/cm, 0.6 msgs, 12 G/cm, 0.7 msge, 12 G/cm, 0.6 msgy, 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. Rhase
{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 POMA? for both 'H, and!5Nderived magnetizations.

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 FACSIMILE as described previoushi!

Theoretical Considerations

times between 0.02 s and 0.65 s were acquired in an interleaved manner. First, we consider the behavior of the components of
Sixteen scans were accumulated per FID, and the maximum values ofz-magnetization during the mixing period for a nonexchanging
t; andt, were 67 and 54 ms, respectively, yielding a measurement time 1°N—1H spin system. At point a in the pulse scheme depicted

of about 23 h. All other details of the NMR experiment are described
in the caption to Figure 1. For comparisofiN,-exchangetH—1°N
correlation spectfawere collected at 8 and 28C using the same

number of scans, data points, and spectral widths as those used for th?]egligible the behavior of theNgH, and N
1 z zZ

TROSY-basea-exchange experiment. NMR data were processed using
NMRPipel” and the spectra were analyzed using NMRVié&iwhe

rate constants were obtained by best-fitting the intensities of auto- and

(14) Pervushin, K.; Riek, R.; Wider, G.; W&hrich, K. Proc. Natl. Acad. Sci.
U.S.A.1997 94, 12366-12371.

(15) Iwahara, J.; Clore, G. MNature 2006 440, 1227-1230.

(16) lwahara, J.; Zweckstetter, M.; Clore, G. Mroc. Natl. Acad. Sci. U.S.A.
2006 103 15062-15067.

in Figure 1A, two product operator term&N2, and N, are
present as a result dfevolution during the; evolution period.
Assuming that cross-relaxation betwekln and N, terms is
terms during the
period between points a and b is giver?st

(17) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
Biomol. NMR1995 6, 277-293.

(18) Johnson, B. A.; Blevins, R. Al. Biomol. NMR1994 4, 603-614.

(19) Chance, E. M.; Curtis, A. R.; Jones, |. P.; Kirby, C.FRACSIMILE: a
computer program for flow and chemistry simulation and general initial
value problemsAtomic Energy Research Establishment Report R8775,
1979, Harwell, H. M. Stationary Office, London.
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2NH
d( , 1)

Y | — _ Rzz P |:ZNZHZ
dt\N,O 7, R J\IN,O
whereR,;andR; are relaxation rates for thé\zH, andN, terms,
respectively, andy; is the rate for cross-correlation between
these termsR,; is significantly larger thair, owing toH—1H
dipolar interactions. The magnetization of each term in eq 1 is
the average for the phase cycle alternating sigrsmoégnetiza-
tion, andN,[{») = 0 instead of the Boltzmann magnetizati@n.
An analytical solution for eq 1 can readily be obtained using
standard procedures (such as that given in ref 23):

)l ) e
where the elements ¢1(t) are as follows:
Pu1 = eXP(-A1) + 1t eXP(-A.Y) ®
Py, = 1 eXpPA_t) + k exp(=A,t) 4)
P12 = Po1 = T{exp( A-t) —exptA0r - (5)

In egs 3-5, the ratesl- and i are given byl, = 0.5(R,, +

(Riz— R)2+ 4;75}, and the coefficientx and 4 are
given byx = 0.5(1 — (Rz— R)/(A+ — A-)} andu = 0.5{1 +
(Rzz — R)/I(A+ — A-)}, respectively.

The simplest way to incorporatezamixing period into the
TROSY-based'H—15N correlation experiment is shown in
Figure 1B but is problematic owing to the buildup of spurious
semi-TROSY cross-peaks dfN{, H) = (Qn + 7|, Qn +
7r|Inul) arising from an imbalance in theNgH, and N, terms
upon increasing the mixing time Considering the phase cycle
for TROSY-selection, the intensities of the TROSY cross-peak
at (@n — 7|Inul, Qu + 7|Inkl) and the spurious semi-TROSY
cross-peak at@y + 7r|Innl, Rn + 7r|Innl) can be calculated as
a function of mixing timeT using eqs 25 (Figure 2A). The

simulation indicates that the two cross-peaks are of opposite

sign and the signal afy + 7|Innl, Ru + 72[Ink|) can only be
suppressed wheh= 0 or R,;= R, (which is not possible even

for deuterated proteins). The buildup of the negative cross-peaks

at Qv + 7|Inkl, Ru + 7 dnkl) 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 converfigH2 into -N,
magnetization and\, into 2N,H, magnetization in the middle
of the zmixing period and accordingly alter the phase cycle
for the TROSY-selection (Figure 1A). In this case, the mag-
netization at the end of themixing period (point d in Figure
1A) is given by

NHM) _ [T [2N_H,[{0)
(MT) )‘fp(z)sp( )( ,[70) ) (©)
s-(°, o) ™)

(20) Boyd J.; Hommel, U.; Campbell, . @hem. Phys. Letil99Q 175 477—

(21) Kroenke C. D, Loria, J. P.; Lee, L. K; Rance, M.; Palmer, A. G.,JIl.
Am. Chem. Sod998 120, 7905-7915.
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where the coefficienf represents a scaling factor to account
for relaxation during the S-scheme, and using eg$:3

o At

Note that the two terms decay in a single-exponential manner
with the identical relaxation ratR = (R;; + R,)/2. Since an
imbalance between thd, and 2\ H, 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 rate

Next, we consider for the S-scheme the effect of slow
exchange between two statasand b with rate constant&ap
andky for thea — b andb — 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 eqidtions
for longitudinal magnetization

R+ Ky,
_kab

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 the zzmagnetization terms for the two-site exchange system
is given by

_kba
R+ ke,

d(m*| _ M

2HNT) 2H,N,50)
NED | T SO
2H,N,(T) _feXp( QDS eXp( Q )EZHZNZﬁ(O) (10)
IN,5(T) ™,5(0)
@z—'_ kab 77? _kba 0
_ 77? R§+kab _kba
Ul o Rk |
0 _kab nz Rg
0 10 0
l-100 o
S=lo 00 1 (12)
0 0-10

Figure 3 shows the time courses for the auto-peaks and
exchange-peaks simulated using either eq 9 (dashed lines) or
eqgs 16-12 (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 15Nexchange experiment.

(22) Sklenar, V.; Torchia, D.; Bax, Al. Magn. Reson1987, 73, 375-379.

(23) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., lll; Skelton, Rrdtein
NMR spectroscopy: Principles and Practidecademic Press: San Diego,
CA, 1994; Chapter 5.

(24) McConnell, H. M.J. Chem. Phys1958 28, 430-431.
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Without the S-scheme
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Figure 2. Suppression of spurious semi-TROSY peak buildup by the S-scheme placed in the middle-ofifireg period. Simulated time courses (A)

without and (B) with the S-scheme. Equations®are used for the former and egs& are used for the latter and correspond to the pulse schemes shown

in Figures 1B and A, respectively. Parameters used for these simulationfRwerel.8 s'1, R, = 0.8 s, andrn, = 0.5 s'1. The phase cycles for TROSY-

selection for each experiment were taken into consideration in the simulations. Experimental TROS¥-ébadethgeéH—15N correlation spectra measured

at 20°C on the?H/*N-labeled HoxD9 homeodomain complexed to the 24 bp DNA duplegcorded (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 timeTof 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 betw#@h #mel R, terms arising from their

different relaxation rates.

Results and Discussion rather than via a two-step mechanism involving dissociation of
the protein into free solution followed by reassociatiéBirect
transfer, also known as “intersegment transfer”, is a second-
order reaction in which collision between the proteldNA
complex and free DNA mediates intermolecular translocafiof.

As described previoush, 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 duplexea 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*ZDat

We used the TROSY-baseeexchange 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 studie¥:1516In this approach three macromo-
lecular components are mixed togethd/*>N-labeled HoxD9
homeodomain and two 24-bp DNA duplexasandb (Figure
4A). The two DNA duplexes 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 identicHl.For some residues,
the chemical shifts of thtH—15N correlation cross-peaks arising
from the two complexes are slightly different owing to the (25) Berg, 0. G.; Winter, R. B.; von Hippel, P. Biochemistry1981, 20, 3040-
d.|ffer.ence In DNA sequence, thergby permitting us to study.th.e (26) %?iSezd', M. G.; Crothers, D. MJ. Mol. Biol. 1984 172, 263-282.
kinetics of the exchange reaction in which the homeodomain is (27) Ruusala, T.; Crothers, D. Nroc. Natl. Acad. Sci. U.S.A992 89, 4903~
transferred from one DNA molecule to another. Previous studies (28) ‘8?07’-5.; Wensink, P. Q. Biol. Chern 1997 272, 3185-3189,
have shown that at high concentrations of free DNALQ® (29) Lieberman, B. A.; Nordeen, S. K. Biol. Chem 1997, 272, 1061-1068.
M) intermolecular translocation of the HoxD9 homeodomain (30) Hovde, S.; Abate-Shen, C.; Geiger, J.Bibchemistry2001, 40, 12013~

)

) ) : 12021.
takes place predominantly through a direct transfer mechanism(31) Fraenkel, E.; Pabo, C. ®lat. Struct. Biol 1998 5, 692-697.
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Figure 3. Simulations of time courses of auto- and exchange-peak
intensities for the TROSY-baseeexchange experiment with the S-scheme.
Two panels show results of simulations employing a different set of kinetic
rate constants (Akap = 1.5 st andkya = 1.0 s'1; B, kap = 15.0 s and

kpa = 10.0 s'Y). The other parameters employed in each calculation are as
follows: R:,=4.8s, RR=08s172=05s%R,=30sL, R =05

s1, and;® = 0.3 s'. The solid magenta lines are calculated with egs 10
12 for (@— a) auto- and &4 — b) exchange-peaks, whereas the dotted black

lines are obtained using eq 9. For all examined values of the parameters

Rzz Ry, 12, Kan, @andkya, the results from eqs 1012 were found to be identical

the auto- and exchange-peaks of Arg-5 (&) as a function of mixing
time together with the best-fit theoretical curves obtained by nonlinear least-
squares optimization are shown (black;aa; red, b— b; green, a— b;

blue, b— a). The values okan andk,, obtained are displayed in the figures
and are identical within experimental error for the two experiments. The
longitudinal relaxation rates for complexasand b were assumed to be
identical. The values of the relaxation rates were calculated ® $€2.8

s 1 for the TROSY-based-exchange experiment afi = 0.8 s'* for the
conventional non-TROSY*Nexchange experiment.

Comparison of TROSY-Based and Non-TROSY M

with those with eq 9. Thus rate constants can be obtained in the same wayEXchange Experiments. Data on the same sample were

as that for the conventional non-TROS¥¢xchange experiment.
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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: 2t#¥N-labeled
HOXD9 homeodomain and two 24-bp DNA duplexeandb. Red (CG)

and green (AT) represent the base pair at position 8 that is different between
DNA duplexesa andb. (B) Auto- and exchange-peaks arising from the
backbone amide group of Arg-5 observed in the TROSY-baseathange
experiment recorded with three different mixing tinesThe spectra were
obtained at 20C.

three mixing times (20, 54, and 146 ms) using the TROSY-
basedz-exchangéH—1N correlation experiment. The exchange

peaks are apparent in the spectra recorded with the two longer

mixing times. Using data collected at eight different mixing

collected at 20°C using the conventional non-TROSYN,
exchange experiménto 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 fieun
(see eq 8). However, the protein translocation ratgsandkys,
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-TRO3¥xchange ex-
periments can be analyzed in the same way.

The line shapes of the auto- and exchange-peaks in the
TROSY-based-exchangeH—1°N correlation experiment are
significantly narrower than those in theN,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 atH-frequency of 800 MHz (with a mixing time of
0.38 s). In the case of Thr-9 thH#l- and °N-chemical shift
differences between complexasndb are relatively small. As
a result the auto- and exchange-peaks of Thr-9 are not resolved
in the conventional non-TROS*¥N_-exchange (Figure 6A) but
are clearly resolved in the TROSY-baseelxchange experiment
due to the better line shapes (Figure 6B). Thus, the TROSY-
based-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

times, we were able to determine the translocation rates by Different DNA Molecules. Using the TROSY-basedexchange

nonlinear least-squares fitting to the experimental time depen-

dence of the exchange- and auto-peak intensities.
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experiment, we measured the translocation rates at 8, 15, 20,
30, and 35°C. The translocation rates at°€ were~15-fold
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Figure 6. The TROSY-principle improves separation of auto- and
exchange-peaks at low temperature. Signals from Thr-9 obtained@t 8
(A) with the conventional non-TROS¥N,-exchange experimenand (B)

with the TROSY-based-exchange experiment (Figure 1A) using the same
mixing time (T = 0.38 s) are displayed. Data were measured using the
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same digital resolution and processed in an identical manner.
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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 36 (kan black; kea, magenta). The
activation enthalpy AH*) and entropy AS") 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
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constant, andR, the gas constant). The obtained values were
AH¥ = 17.1 £ 1.0 kcalmol™! and AS" = 3.7 + 3.4
cakmol~1-K~1 for the translocation from DN/ to b; AH* =
17.3+ 1.6 kcatmol~! andASf = 3.9+ 5.6 catmol~1-K~* for

b to a. Since activation free energies at 298 KC{E%K) are
calculated to be 16 kcahol™%, 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
(AGy) 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 sequencAGy at 298 K is calculated to be 12
kcal/mol. The rate constakgs for dissociation of HoxD9 from
its specific DNA site, determined from gel shift assays, is 0.01
s71.32 From this value and the equatidgy = (kg T/h) exp{ —A
Gzl(R'D}, the activation free energy for the dissociation pro-
cess (&Gﬁ) is estimated to be 20 kcal/mol. Thus, the energy
barrier for translocation through the direct transfer mechaflism
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-basesdchange
spectroscopy for quantitative measurement of rate constants for
a system in the slow exchange regime. During the preparation
of the present manuscript, Peruvshin e€adublished 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 conventionalzexchange experiment to determine the
exchange rate in their system.) Our TROSY-basedchange
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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Note Added after ASAP Publication;: On October 18, 2007,

intermolecular translocation process characterized in the present study. Thea production error in an equation on the third page was corrected.

enthalpy for breaking all intermolecular hydrogen bond8@ kcal/mol)
was estimated from the crystal structures of two highly homologous

homeodomairDNA complexes (PDB codes 11G7and 9ANTY).

slower than those at 38C. Figure 7A shows Eyring plots of
the temperature-dependence of the translocation katesnd
kpar The activation enthalpyAH*) and entropy AS") were
determined using the Eyring equation @iT = —AH¥/RT +
In ke/h + AS/R, whereks is the Boltzmann constarit, Planck’s
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