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The potentialities of a 2D proton-detected heteronuclear ex-
change experiment to assign the nitrogen and amide proton reso-
nances in a uniformly 15N-enriched macromolecule involved in a
omplex, starting from the free form assignments, are demon-
trated on a protein–DNA complex. This 2D experiment is further
xtended to a 3D experiment in the case of severe
uperpositions. © 2000 Academic Press

Key Words: chemical exchange; heteronuclear 3D NMR; AlcR;
protein; complex.

Structural studies of DNA–protein or protein–protein co
plexes by NMR are rather arduous and can hardly be ca
out without uniformly isotope-enriched biomolecule samp
Moreover, such studies usually start with the elucidation o
structure of at least one component of the complex, in its
form. For systems in slow intermolecular exchange on
NMR chemical shift time scale, resonances of the alre
assigned free form of the macromolecule and the bound
of the corresponding part of the complex can be corre
through proton chemical exchange spectroscopy (1). Becaus
of the extensive dipolar cross polarization effects prese
proton experiments, either intramolecular or intermolec
2D proton-detected heteronuclear experiments are prefe
Various experimental schemes have been proposed to m
slow intramolecular conformational exchanges (2–4) but, so
far, they have not been applied for systems in slow inte
lecular exchange. We propose here the extension of one
2D experiment to a 3D experiment to unambiguously as
the nitrogen and amide proton resonances in a uniformly15N-
enriched macromolecule involved in a complex, starting f
the free protein assignments.

During the mixing time of exchange experiments, chem
exchange, longitudinal relaxation, and cross relaxation o
Our interest here is not the exchange relaxation rate mea
ment but the unambiguous assignment of the resonances
bound state. We therefore want to minimize the contributio
the last two phenomena. The15N–15N dipolar cross relaxatio
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is proportional to (g15N) leading to a peak (g1H/g15N) , i.e., 10
times weaker than the one due to1H–1H nuclear Overhaus
effects (NOE). Contrary to what happens in the1H–1H ex-
change experiment, the corresponding cross peaks are
negligible. Heteronuclear experiments are thus more app
ate to monitor a slow conformational exchange. They ca
divided into two classes where the slow conformational
change can be monitored either by the chemical exchan
heteronuclear longitudinal two-spin-order states,I zSz, (2, 3) or

y the net transfer of heteronuclearSz (2, 4). The 15N (Sz)
longitudinal auto relaxation rate is usually much slower
the one of a two-spin-order stateI zSz. A 15N (Sz) exchang
experiment thus allows the analysis of exchanges over a
rate range than a (I zSz) exchange experiment, where the
tected signal is weakened by longitudinal relaxation during
mixing time. This phenomenon is even stronger for a1H (I z)
exchange experiment. A15N (Sz) exchange experiment is th
best suited for the present application.

The pulse sequence of the 2D15N-exchange experiment
similar to those designed forT1 heteronuclear relaxation ra
measurements (5–7) and is also similar to experiments d
signed to monitor slow conformational exchanges (2–4). The
pulse sequence is shown in Fig. 1. This1H–15N reverse15N–15N
exchange experiment provides an additional, nondiagona15N
dimension with proton sensitivity. Moreover, a complete a
ysis of the sequence using the product operator forma
shows that no contribution due to the heteronuclear (15N–1H)
NOE is detected.

The intensities of the auto peaks and exchange peaks
exchange spectrum have already been described (1). The max
imal intensity for the exchange cross peaks is obtained
topt 5 1/2D ln [(s 1 D)/(s 2 D)] with D
5 Îd 2 1 xbxf kex

2 , s 5 0.5(kex 1 R1f 1 R1b), d 5 0.5[(x f

2 xb)kex 1 R1b 2 R1f]. The chemical exchange rate iskex.
1f is the 15N longitudinal relaxation rate of the free prote

andR1b is the 15N longitudinal relaxation rate of the bou
protein. We have to point out thatR1b is not necessaril
known at this stage of the study of the complex. There
topt must be chosen in such a range that, on the first handR1b

84.
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27715N EXCHANGE EXPERIMENTS FOR BOUND PROTEIN ASSIGNMENT
has a value compatible with the size and the woul
dynamics of the complex, and on the second hand, tha
auto peaks and the exchange peaks remain of compa
and observable intensities. The range of likely applicab
of this experiment in terms of binding affinity can be rea
estimated. The lifetime of the complex must be of the s
order as the mixing time (a few tens of milliseconds), t
leading to an estimation of the off-rate around 10 –10021

and, assuming a diffusion-controlled reaction, of the e
librium dissociation constant in the micromolar range.

The pulse sequence has been used on the15N-labeled DNA-
binding domain of the alcohol regulator protein AlcR, co
plexed with a DNA target. AlcR is a transcription factor fr
Aspergillus nidulansrequired for the activation of the gen
encoding the ethanol metabolizing enzymes. The AlcR
ment studied here consists of 65 amino acids with a zinc cl
motif of the Cys-X2-Cys-X6-Cys-X16-Cys-X2-Cys-X6-C
type (8) and its NMR spectra have been assigned in
laboratory. We also have established that the AlcR D
binding domain binds to a 10-mer DNA duplex bearing
59-TACGG-39 consensus sequence with a 1:1 stoichiom
The measured lifetime of the AlcR complex is 746 7 ms, with
a dissociation constant in the micromolar range (9). The pro-
tein:DNA stoichiometry used for our 2D exchange experim
is a 2:1 stoichiometry, leading to a 1:1 ratio for the bound
free states of the protein. An optimal mixing time of 150
was evaluated based on the measured meanR1f value of 1.6 s21

and an estimatedR1b value of 1 s21. Comparison of the fre
protein HSQC, the bound protein HSQC, and the 2D exch
experiment leads to a partial assignment of the bound pr
HSQC (Fig. 2). It should be noted that only NH groups
detected; NH2 groups can be specifically detected, usin

FIG. 1. Pulse sequence of the 3D15N exchange experiment. The 2D ex
haseF7 by x. Narrow and wide bars represent 90° and 180° pulses, resp

water suppression (11). Unless otherwise specified, all pulses are applied
(y, 2y, 2y, y), 2(2y, y, y, 2y); F 4 5 4(x, 2x), 4(2x, x); F 5 5 2(

F r 5 x, 2(2x), x, 2x, 2(x), 2x. The delayD is set to 1/4J 5 2.75 ms. Am
duration of 800ms and are applied along thez axis with G1 5 8 G/cm, G2

5-ms recovery time.15N decoupling during acquisition is achieved via a G
(2D) or t 2 (3D) is achieved according to States–TPPI (13) by incrementing
enter of the amide proton region. The carrier shifts are represented by a
14, 15). d is set according to Ref. (15). A relaxation delay of 2 s isused betw

period t 1 can be concatenated (16).
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scheme similar to the one used for the specific measurem
T1 relaxation of NH2 groups (10). Some amino acids, such

22, D23, Re28, and C39, present unambiguous excha
correlations between the auto peaks. For these peaks, boN

and 15N frequencies are different, creating well-defined sq
patterns. In other cases only lines, either rows or columns
seen. This means that only one of the two resonances (N or
15N) is shifted between the free and the DNA-bound pro
Auto and exchange peaks are superimposed. Such row pa
are clearly observed for G18, G35, and S40, for which15N
hemical shifts do not vary upon binding. The correspon
eaks could be unambiguously assigned here because t
o ambiguity due to any superposition. A symmetric c
ppears when the15N resonance alone varies, as is the cas

C12. A few other peaks like C49 and T50 are superimpose
the free and DNA-bound protein spectra. A straightforw
assignment in such cases is only possible in the absen
overlaps, but due to the complexity of the spectra, most
nances remain unassigned. A 3D experiment is then use
go further in the assignment procedure.

The 3D experiment proposed here takes up again th
exchange pulse scheme but the proton to nitrogen transfer i
preceded by an evolution of the proton magnetization. Th
spectrum obtained is a (1HN, 15N, 1HN) cube (see Fig. 3).The
esired magnetization transfer is now described by the sch

HNi3 HNi~t1!3 Ni~t2!O¡

tm HNj3 HNj~t3!
Ni3 HNi~t3!

.

This scheme was chosen because the 2D exchange sp

iment pulse sequence is obtained by omitting the subsequence (a–b) an
ively. Gray bars represent 90° water selective flip-back1H pulses which ensure bet
ng the1x axis. Phase cycle elements areF 1 5 2(y), 2(2y); F 2 5 x, 2x; F 3 5
2(2y); F 6 5 4(x), 4(2x); F 7 5 x; F 20 5 x; F 21 5 4(x), 4(2x); and
ng timetm of 150 ms is applied. All gradient pulses are sine-bell-shaped
2 G/cm, G3 5 31 G/cm, and G4 5 17 G/cm. Each gradient is followed by
P sequence (12) with a RF field strength of 2.27 kHz. Quadrature detectiont 1

phaseF2. The 1H carrier is alternatively set at the water frequency and a
s. Water signal suppression is achieved by an on-resonance WATERGquence
each transient. The first two15N 180° pulses in the proton frequency evolut
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suggests that binding affects HN chemical shifts more than15N
chemical shifts. Thus, the HN chemical shift evolution time wa
chosen to resolve exchange peaks with15N superimposed re-
onances. Four cases can be distinguished. In case (i), on
15N chemical shift is different between the two states of
protein (Fig. 3, upper left). In case (ii), both HN and 15N

FIG. 2. (A) HSQC spectrum of free AlcR. (B) 2D15N exchange sp
protein:DNA 1:2). Spectral widths were 5000 Hz in both dimensions for

1 points, 512 complext 2 points, 512 scans per FID, and a relaxation de
squared-cosine window function int 2 prior to Fourier transformation. Fin
oncentrations were about 2 mM for the free AlcR sample and exactly
easured by fluorescence (17). The same buffer was used for all samples
ere acquired at 20°C on a Bruker AMX spectrometer using a triple-re

with GIFA software (18). 1H chemical shifts are referenced to trimethylsi
cl at 20°C) at 24.93 ppm. Some of the connectivities observed are show
f transverse magnetization duringt 1 andt 2. The poor signal-to-noise ratio o

are shown by an X.

FIG. 3. Theoretical 3D15N exchange spectrum for the different ca
iscussed in the text. Black dots represent resonance peaks. f and b su
tand for free and bound.
the
e

chemical shifts are equal in both states of the protein (Fi
upper right). The 3D experiment provides no further infor
tion compared to the 2D experiment in these two cases. In
(iii), both the free protein HN and the15N chemical shifts var
between the free and the bound protein. This case crea
square pattern in the 2D experiment. The 3D experim
spreads the information and can therefore facilitate the as
ment in crowded regions (Fig. 3, lower left). In case (iv), o
the HN chemical shift varies. In the 2D experiment, the fact
the free and bound auto peaks have the same15N chemica
hifts leads to a superposition of auto and exchange p
hereas in the 3D experiment exchange peaks are brou

ight (Fig. 3, lower right). Auto and exchange peaks lie in
ame plane perpendicular to the F2 (15N) dimension leading t

a square pattern. This15N plane has one of its two dimensio
(the acquisition dimension) well resolved. This is the ch
case for the proposed 3D experiment, allowing definite as
ments, which are impossible with the 2D experiment.
example of Lys 47 is given in Fig. 4.

An alternative scheme can also be proposed, wher
second evolution period is introduced after the mixing pe
leading to a (15N, 15N, 1HN) spectrum. The best application
such an experiment would be in the case of HN superimpose
resonances, which seems less frequent here. Moreover,
patterns would be observed on a plane perpendicular to F3 with

um of AlcR–DNA (protein:DNA 2:1). (C) HSQC spectrum of bound
2D exchange experiment. The total experimental time was 86 h with 12x
of 2 s. Data were multiplied by a pure cosine window function int 1 and a pur
data matrix size was 256(R)*1024(R), R meaning real points. AlcR s
mM for both protein:DNA samples. Exact protein and DNA concentra
mM sodium phosphate, 0.1 M NaCl, pH 6.0) in H2O/D2O 95:5 (v/v). All spectra

anceH13C15N probehead with a self-shieldedz-gradient coil. Data were process
ropionate.15N chemical shifts are referenced to external15NH4Cl (2.9 M in 1 M

solid lines. The peak broadness of the exchange spectrum (B) is due toange
bound AlcR spectrum (C) is due to partial degradation. Peaks of weak in
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27915N EXCHANGE EXPERIMENTS FOR BOUND PROTEIN ASSIGNMENT
two poorly resolved dimensions. This could hamper the un
biguous assignment of correlated resonances.

The method proposed here will greatly facilitate the ass
ment of the HN/15N resonances of a biomolecule in a comp
knowing its free form assignment. We illustrated this met
with a complex composed of a DNA-binding domain and
DNA target. About 65% of the residues could be assig
unambiguously following our strategy, mainly from the an
ysis of the 3D experiment, affording a valuable basis to
form the complete assignment of the protein in the com
using more standard 3D heteronuclear experiments. S
assumptions could be made for the left 35% of the resid
which were confirmed by the analysis of 2D nuclear O
hauser effect spectra (NOESY). The analysis of the chem
shift variations upon binding gives valuable indications on
residues located at the interface of the two partners in
complex.
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