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The potentialities of a 2D proton-detected heteronuclear ex- is proportional to {5 )* leading to a peaky,/vs,)*, i.e., 10
change experiment to assign the nitrogen and amide proton reso-  times weaker than the one due t6—=*H nuclear Overhauser
nances in a uniformly *N-enriched macromolecule involved in a effects (NOE). Contrary to what happens in thé—H ex-
complex, starting_ from the free form_assignmen_ts, are demon- change experiment, the corresponding cross peaks are tt
strated on a protein—-DNA complex. This 2D experiment is further g .
extended to a 3D experiment in the case of severs negligible. Heteronuclear expenr_nents are thus more approp
SUPErpOSItions.  © 2000 Academic Press alte- to mpmtor a slow conformational exchange. Thgy can I

Key Words: chemical exchange; heteronuclear 3D NMR; AlcR;  divided into two classes where the slow conformational ex
protein; complex. change can be monitored either by the chemical exchange
heteronuclear longitudinal two-spin-order states,, (2, 3) or
by the net transfer of heteronucle§y (2, 4). The ®N (S,

Structural studies of DNA—protein or protein—protein comeongitudinal auto relaxation rate is usually much slower tha
plexes by NMR are rather arduous and can hardly be carrige one of a two-spin-order stateS,. A N (S,) exchange
out without uniformly isotope-enriched biomolecule samplesxperiment thus allows the analysis of exchanges over a wid
Moreover, such studies usually start with the elucidation of thate range than al {S,) exchange experiment, where the de:
structure of at least one component of the complex, in its fregcted signal is weakened by longitudinal relaxation during th
form. For systems in slow intermolecular exchange on thmixing time. This phenomenon is even stronger foiHa(l ;)
NMR chemical shift time scale, resonances of the alreadychange experiment. AN (S,) exchange experiment is thus
assigned free form of the macromolecule and the bound fotsest suited for the present application.
of the corresponding part of the complex can be correlatedThe pulse sequence of the 2fN-exchange experiment is
through proton chemical exchange spectroscdjyBecause similar to those designed fdF, heteronuclear relaxation rate
of the extensive dipolar cross polarization effects present fffeasurements5¢7) and is also similar to experiments de-
proton experiments, either intramolecular or intermoleculagigned to monitor slow conformational exchang2s4). The
2D proton-detected heteronuclear experiments are preferablgise sequence is shown in Fig. 1. THis-*N reverse*N-N
Various experimental schemes have been proposed to monégEhange experiment provides an additional, nondiagdinal,
slow intramolecular conformational exchang@s-4 but, so dimension with proton sensitivity. Moreover, a complete anal
far, they have not been applied for systems in slow intermgsijs of the sequence using the product operator formalis
lecular exchange. We propose here the extension of one sygBws that no contribution due to the heteronuclé®-{H)
2D experiment to a 3D experiment to unambiguously assigfpE is detected.
the nitrogen and amide proton resonances in a unifoffily  The intensities of the auto peaks and exchange peaks of
enriched macromolecule involved in a complex, starting fro@kchange spectrum have already been descrijedlife max-

the free protein assignments. imal intensity for the exchange cross peaks is obtained f
During the mixing time of exchange experiments, chemic;;t(ljpt = 1UDIn[(¢ + Dl - D) with D
exchange, longitudinal relaxation, and cross relaxation occur. /befkﬁx, o = 0.5(Ke + Ry + Ry), 8 = 0.5[(x;
Our interest here is not the exchange relaxation rate measu_res(b)kex + Ry, — Ry]. The chemical exchange rate ks,
ment but the unambiguous assignment of the resonances OfFﬁhﬁs the N longitudinal relaxation rate of the free protein
bound state. We therefore want to minimize the contribution gﬁ

he | h TRIN-N dipol laxati dRy, is the N longitudinal relaxation rate of the bound
the last two phenomena. B Ipolar cross relaxation protein. We have to point out tha,, is not necessarily

1 To whom correspondence should be addressed. Fax: (33) 169823#620Wn at this stage. of the study of the comple>§. Therefor
E-mail: guittet@icsn.cnrs-gif.fr. Tope MUSt be chosen in such a range that, on the first h@pd,
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FIG. 1. Pulse sequence of the 3fN exchange experiment. The 2D experiment pulse sequence is obtained by omitting the subsequence (a—b) and re
phased; by x. Narrow and wide bars represent 90° and 180° pulses, respectively. Gray bars represent 90° water selectivéHlipubseskwhich ensure better
water suppressiorL(). Unless otherwise specified, all pulses are applied along-thexis. Phase cycle elements &@e = 2(y), 2(-Y); ®, = X, —X; ®; =
20y, =Y, =Y Y 20590 Y s ) Ry = 40X —X), A(-X X); s = 2(Y), 2(=Y)s P = 4(X), 4(=X); D7 = X5 Dy = X5 iy = 4(X), 4(—X); and
O, =X, 2(—X), X, =X, 2(X), —x. The delayA is set to 1/4 = 2.75 ms. Amixing time 7, of 150 ms is applied. All gradient pulses are sine-bell-shaped wit
a duration of 80Qus and are applied along tlzeaxis with G, = 8 G/cm, G = 22 G/cm, G = 31 G/cm, and G = 17 G/cm. Each gradient is followed by a
45-us recovery time®N decoupling during acquisition is achieved via a GARP sequet®enith a RF field strength of 2.27 kHz. Quadrature detectioty in
(2D) ort, (3D) is achieved according to States—TPP3)(by incrementing the phask,. The *H carrier is alternatively set at the water frequency and at th
center of the amide proton region. The carrier shifts are represented by arrows. Water signal suppression is achieved by an on-resonance WAJERGATE
(14, 19. § is set according to Refl1F). A relaxation delay b2 s isused between each transient. The first i 180° pulses in the proton frequency evolution
periodt, can be concatenated®).

has a value compatible with the size and the would-lsgheme similar to the one used for the specific measurement
dynamics of the complex, and on the second hand, that therelaxation of NH groups (0). Some amino acids, such as
auto peaks and the exchange peaks remain of compara®g2, D23, R28, and C39, present unambiguous exchang
and observable intensities. The range of likely applicabilityorrelations between the auto peaks. For these peaks, Hoth
of this experiment in terms of binding affinity can be readilyand N frequencies are different, creating well-defined squar
estimated. The lifetime of the complex must be of the sanpatterns. In other cases only lines, either rows or columns, &
order as the mixing time (a few tens of milliseconds), thuseen. This means that only one of the two resonanc&€so(H
leading to an estimation of the off-rate around 10—10D s*N) is shifted between the free and the DNA-bound proteir
and, assuming a diffusion-controlled reaction, of the equituto and exchange peaks are superimposed. Such row patte
librium dissociation constant in the micromolar range. are clearly observed for G18, G35, and S40, for whid¥
The pulse sequence has been used o’Miabeled DNA- chemical shifts do not vary upon binding. The correspondin
binding domain of the alcohol regulator protein AlcR, compeaks could be unambiguously assigned here because ther
plexed with a DNA target. AlcR is a transcription factor froormo ambiguity due to any superposition. A symmetric cas
Aspergillus nidulangequired for the activation of the genesappears when theN resonance alone varies, as is the case f
encoding the ethanol metabolizing enzymes. The AlcR fra@-12. A few other peaks like C49 and T50 are superimposed ¢
ment studied here consists of 65 amino acids with a zinc clustee free and DNA-bound protein spectra. A straightforwart
motif of the Cys-X2-Cys-X6-Cys-X16-Cys-X2-Cys-X6-Cysassignment in such cases is only possible in the absence
type @) and its NMR spectra have been assigned in owowerlaps, but due to the complexity of the spectra, most res
laboratory. We also have established that the AlcR DNAwances remain unassigned. A 3D experiment is then useful
binding domain binds to a 10-mer DNA duplex bearing thgo further in the assignment procedure.
5'-TACGG-3 consensus sequence with a 1:1 stoichiometry. The 3D experiment proposed here takes up again the -
The measured lifetime of the AlcR complex is 747 ms, with exchange pulse scheme but the proton to nitrogen transfer is n
a dissociation constant in the micromolar ran@k The pro- preceded by an evolution of the proton magnetization. The 3
tein:DNA stoichiometry used for our 2D exchange experimespectrum obtained is aH", N, 'H") cube (see Fig. 3)The
is a 2:1 stoichiometry, leading to a 1:1 ratio for the bound ardgksired magnetization transfer is now described by the schem
free states of the protein. An optimal mixing time of 150 ms
was evaluated based on the measured rRearalue of 1.6 §*
and an estimate®,, value of 1 s*. Comparison of the free Hy — Hig () — Ni(L) Tm {Nj — Hy;(ts)
protein HSQC, the bound protein HSQC, and the 2D exchange ™ N n2 N; = Hyi(ts)”
experiment leads to a partial assignment of the bound protein
HSQC (Fig. 2). It should be noted that only NH groups are
detected; NH groups can be specifically detected, using a This scheme was chosen because the 2D exchange spect
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FIG. 2. (A) HSQC spectrum of free AlcR. (B) 2D°N exchange spectrum of AlcR-DNA (protein:DNA 2:1). (C) HSQC spectrum of bound Alc
(protein:DNA 1:2). Spectral widths were 5000 Hz in both dimensions for the 2D exchange experiment. The total experimental time was 86 h with ¥28 ¢
t; points, 512 complex, points, 512 scans per FID, and a relaxation delay of 2 s. Data were multiplied by a pure cosine window funigtiandra pure
squared-cosine window function i prior to Fourier transformation. Final data matrix size was 256(R)*1024(R), R meaning real points. AlcR solu
concentrations were about 2 mM for the free AlcR sample and exactly 1.6 mM for both protein:DNA samples. Exact protein and DNA concentration
measured by fluorescenck7}. The same buffer was used for all samples (10 mM sodium phosphate, 0.1 M NaCl, pH 6 Q)/D,& 95:5 (v/v). All spectra
were acquired at 20°C on a Bruker AMX spectrometer using a triple-resoribii&@"N probehead with a self-shieldeegradient coil. Data were processed
with GIFA software (8). 'H chemical shifts are referenced to trimethylsilylpropionats. chemical shifts are referenced to exterif&alH,Cl (2.9 Min 1 M
Hcl at 20°C) at 24.93 ppm. Some of the connectivities observed are shown in solid lines. The peak broadness of the exchange spectrum (B) is daade the
of transverse magnetization durihgandt,. The poor signal-to-noise ratio of the bound AlcR spectrum (C) is due to partial degradation. Peaks of weak inten
are shown by an X.

suggests that binding affects'léhemical shifts more thafiN  chemical shifts are equal in both states of the protein (Fig. -
chemical shifts. Thus, the'tthemical shift evolution time was upper right). The 3D experiment provides no further informa
chosen to resolve exchange peaks withh superimposed res tion compared to the 2D experiment in these two cases. In ca
onances. Four cases can be distinguished. In case (i), only (iii§ both the free protein M and the*®N chemical shifts vary
N chemical shift is different between the two states of thgetween the free and the bound protein. This case create
protein (Fig. 3, upper left). In case (i), both"Hand “N  square pattern in the 2D experiment. The 3D experime
spreads the information and can therefore facilitate the assic
ment in crowded regions (Fig. 3, lower left). In case (iv), only
the H" chemical shift varies. In the 2D experiment, the fact tha
the free and bound auto peaks have the satNechemical
shifts leads to a superposition of auto and exchange pea
whereas in the 3D experiment exchange peaks are brought
O s, # g5 © 15 =05 light (Fig. 3, lower right). Auto and exchange peaks lie in the
Nf Nb @y (Fr) “Nf “Nb same plane perpendicular to the (FN) dimension leading to
@R a square pattern. ThidN plane has one of its two dimensions
DN (F) (the acquisition dimension) well resolved. This is the choic
] case for the proposed 3D experiment, allowing definite assig
ments, which are impossible with the 2D experiment. Th
example of Lys 47 is given in Fig. 4.
An alternative scheme can also be proposed, where t
OpNy * OpNp O pNg #O PNy second evolution period is introduced after the mixing perioc
O 150 * Qisyy O 15y = Oisyy, leading to a N, N, *H") spectrum. The best application of
FIG. 3. Theoretical 3D*N exchange spectrum for the different casesSUCh an experiment would be in the case 8f§tllper|mposed

discussed in the text. Black dots represent resonance peaks. f and b subsdifgg@nances, which seems less frequent here. Moreove.r- SqL
stand for free and bound. patterns would be observed on a plane perpendiculas otk

(DHNf = (DHNb (DHNf =0 HNb
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