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Assigning the NMR spectra of aromatic amino

acids in proteins: analysis of two Ets pointed
domains

Carolyn M. Slupsky, Lisa N. Gentile, and Lawrence P. Mcintosh

Abstract: The measurement of interproton nuclear Overhauser enhancements (NOEs) and dihedral angle restraints of
aromatic amino acids is a critical step towards determining the structure of a protein. The complete assignment of the
resonances from aromatic rings and the subsequent resolution and identification of their associated NOEs, however, can
be a difficult task. Shown here is a strategy for assigning the 'H, 1*C, and N signals from the aromatic side chains of
histidine, tryptophan, tyrosine, and phenylalanine using a suite of homo- and hetero-nuclear scalar and NOE correlation

experiments, as well as selective deuterium isotope labelling. In addition, a comparison of NOE information obtained
from homonuclear NOE spectroscopy (NOESY) and '’C-edited NOESY - heteronuclear single quantum correlation
experiments indicates that high-resolution homonuclear two-dimensional NOESY spectra of selectively deuterated
proteins are invaluable for obtaining distance restraints to the aromatic residues.
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Résumé : La détermination des effets Overhauser nucléaires (NOE) entre protons et des contraintes d’angle diedre des
acides aminés aromatiques est une étape importante lors de la détermination de la structure d’une protéine. Cependant,
Pattribution compléte des résonances des noyaux aromatiques, ainsi que 1’identificatich et 1a résolution des NOE
associés peuvent &tre des tiches ardues. Dans cet article, nous indiquons une stratégie pour attribuer les signaux de 'H,
13C et 1N des chaines aromatiques latérales de I’histidine, du tryptophane, de la tyrosine et de la phénylalanine
'aide d’une série d’expériences de corrélation de NOE scalaires homo- et hétéro-nucléaires, ainsi qu’a un marquage
sélectif au deutérium. De plus, la comparaison des mesures de NOE obtenues au cours d’expériences de spectroscopie
NOESY homonucléaire et NOESY-HSQC hétéronucléaire 1*C-éditée indique que les spectres NOESY bidimensionnels
homonucléaires 2 haute résolution de protéines marquées sélectivement au deutérium sont d’une valeur inestimable
pour déterminer les contraintes de distance des résidus aromatiques.

Mots clés : attribution de RMN, résidu aromatique, facteur de transcription, NOE, angle diédre.

[Traduit par la Rédaction]

Introduction

Aromatic residues are, for the most part, hydrophobic in
nature and tend to lie in the interior of proteins (Creighton
1993). These residues are of considerable interest to the bio-
logical NMR spectroscopist for several reasons: they have
'H, 13C, and "N chemical shifts distinct from those of the
aliphatic amino acids; they increase the chemical shift dis-
persion of neighboring nuclei owing to ring current effects;
and, at least in principle, they provide a wealth of structural
and dynamic information about a protein. Unfortunately, the
spectra of aromatic residues are often difficult to assign be-
cause the aromatic 'H spin system is uncoupled to that of

the main chain, and because of the possibility of flipping of

_tyrosine and phenylalanine rings on the slow, intermediate,

or fast time scales. Furthermore, limited chemical shift dis-
persion, frequently observed with phenylalanine side chains,
often precludes the unambiguous identification of nuclear
Overhauser enhancement (NOE) interactions that are neces-
sary for accurate structure determination.

Traditional methods for assigning ring protons in unla-
belled proteins include using the double quantum filtered
correlated spectroscopy (DQF-COSY) and total correlation
spectroscopy (TOCSY) experiments to connect the reso-
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Abbreviations: NOE, nuclear Overhauser enhancement; NOESY, nuclear Overhauser enhancement spectroscopy; TOCSY, total
correlation spectroscopy; DQF-COSY, double quantum filtered correlated spectroscopy; HMBC, heteronuclear multiple bond
correlation; HSQC, heteronuclear single quantum correlation; CT, constant time; DSS, sodium
2,2-dimethyl-2-silapentane-5-sulfonate; His, histidine; Trp, tryptophan; Tyr, tyrosine; Phe, phenylalanine.
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nances from ring protons, followed by a NOE spectroscopy
(NOESY) experiment to provide a link to the main-chain at-
oms (Wiithrich 1986). Recently, the Cgtl; and CgH, experi-
ments were developed to correlate the chemical shift of the
13Cy nucleus in a uniformly '*C-labelled aromatic amino
acid to that of its 'Hgor 'H,, respectively, via heteronuclear
scalar couplings (Yamazaki et al. 1993). A related approach
for linking the ’3CB to the aromatic ring carbons and protons
using audio-frequency NMR in the nutating frame was also
described by Grzesiek and Bax (1995). Additional experi-
ments that aid in the assignment of aromatic resonances in-
cludle the  three-dimensional TH-TOCSY-relayed
ct-[13C,'H]-HMQC (Zerbe et al. 1996), which correlates the
chemical shift of a given aromatic proton with that of the di-
rectly attached carbon as well as all vicinal protons. A simi-
lar approach, the (HC)C-(C)CH-TOCSY experiment,
connects the *C, resonance with the *Cy'Hp, *Cy/'Hj, or
the remaining aromatic carbon and proton resonances (Lohr
and Riiterjans 1996). However, in a protein that contains
many phenylalanine residues, poor '*C and 'H chemical
shift dispersion of the strongly coupled carbon spin systems
often makes it very difficult to resolve and assign the reso-
nances from these residues. Because of this problem, a re-
verse labelling strategy, wherein natural abundance
(*2C/"*N)-Phe is incorporated into an otherwise fully 3C/**N
labelled protein, combined with a set of 13C-edited and
12C-filtered NOESY experiments, has proven successful for
the assignment of the resonances from these aromatic side
chains and the subsequent identification of their NOE inter-
actions (Vuister et al. 1994).

To assign the NMR spectra of aromatic residues in pro-
teins and to obtain useful distance and dibedral angle re-
straints, we have developed a simple strategy employing a
combination of homo- and hetero-nuclear scalar and NOE
correlation experiments, combined with selective deuterium
isotope labelling. This approach is illustrated with the pointed
domains from two members of the Ets family of transcription
factors, Ets-1 and GABPa (Graves and Petersen 1997). NMR
studies of these domains, which are postulated to mediate
intra- or inter-molecular protein—protein interactions, will help
provide a structural foundation for understanding the regula-
tion of gene expression by eukaryotic transcription factors.

Materials and methods

Protein samples

The gene encoding the pointed domain (residues 29-138) of -

murine Ets-1 was PCR-amplified from the full-length Ets-1 cDNA
(Gunther et al. 1990) as an Ndel-HindIIl fragment and cloned into
a T7-based expression system (pET22b; Invitrogen, La Jolla, Ca-
1if.). The GABPa pointed domain was cloned into the same vector
from GABPo cDNA using an Ndel-EcoRI fragment containing the
coding sequence for residues 168-254. Each protein was expressed
in Escherichia coli BL21(ADE3) cells. Protocols for the prepara-
tion and purification of unlabelled and uniformly 3C/'*N la-
belled Ets-1 or GABPa will be reported elsewhere manuscripts
in preparation. Samples of the Ets-1 pointed domain containing
2H-[y"2,8"2,(}-Phe and the GABPo pointed domain containing
either  2H-[y"%,8%,(-Phe and  ZH-[y'%,8")-Tyr  or
2H-[y"2,8"2,(-Phe and *H-[8', 2.0 ]-Trp were prepared as
previously described (McIntosh and Dahlquist 1990; Mclntosh
et al. 1990). The protein samples were in 10 mM K,HPO,,
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10 mM KCl, 10 mM dithiothreitol. pH 6.5 (Ets-1 pointed do-
main), or 20 mM Na,HPO,, 20 mM NaCl, 10 mM dithiothreitol,
pH 7.2 (GABPo pointed domain).

NMR spectroscopy

Spectra of the Ets-1 and GABPa pointed domains were col-
lected at 30°C on a Varian Unity 500 NMR spectrometer equipped
with a pulsed-field gradient accessory. NMR data were processed
using NMRpipe (Delaglio et al. 1995) and analyzed using the in-
teractive peak-picking program PIPP (Garrett et al. 1991).
Two-dimensional DQF-COSY, TOCSY (MLEV-17 1,,;, = 60 ms),
and NOESY (1.,;, = 75 ms) spectra were obtained for unlabelled or
selectively deuterated proteins in either D,O or H,O buffer.
Two-dimensional 'H-'>N heteronuclear multiple bond correlation
(HMBC) in mixed mode with a single transfer delay of 22 ms (Bax
and Marion 1988; Pelton et al. 1993), two-dimensional 'H-'*N
heteronuclear single quantum correlation (HSQC), and
three-dimensional "N-edited NOESY-HSQC (1, = 75 ms; Zhang
et al. 1994) spectra were recorded for uniformly '*N-labelled pro-
teins in H,0 buffer. Two-dimensional constant time 'H-'*C HSQC
(Santoro and King 1992; Vuister and Bax 1992), two-dimensional
Cgl; and CgH, (Yamazaki et al. 1995), two-dimensional

c-{¥c,} and 5N-{3C,} spin echo (Hu et al. 1997), and

three-dimensional }*C-edited NOESY-HSQC (7, = 75 ms; Pascal
et al. 1994) spectra were acquired with uniformly '3C/'5N-labelled
samples in H,O buffer. Typical spectral widths were 7200 Hz in
'H, 4000 Hz in '*C, and 10 000 Hz (HMBC) or 1230 Hz (HSQC or
three-dimensional 'N-edited NOESY-HSQC) in SN for Ets-1.
Chemical shifts are referenced to an external sample of sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS), as described by
Wishart et al. (1995a).

Results and discussion

Assignment strategy: overview

The strategy used here is a combination of traditional
two-dimensional 'H methods for the assignment of the reso-
nances from the aromatic ring protons of histidine,
tryptophan, tyrosine, and phenylalanine, combined with
modern 13C and N edited methods to exploit the chemical
shift information and the added dispersion of the heterospin.
Selective deuteration is utilized in parallel to simplify the ar-
omatic region of the 'H-NMR spectra (MclIntosh et al. 1990;
Johnson et al. 1996). For example, with a protein sample
containing ring-deuterated phenylalanine and tryptophan, the
only protons observed downfield of ~6 ppm arise from the
tyrosine and histidine side chains (assuming that D,0 buffer
is utilized to eliminate signals from the labile amide groups).

Central to this assignment strategy is the constant time
'H-13C HSQC experiment, illustrated in Fig. 1 for the
pointed domains of Ets-1 and GABPo. The advantages of
this experiment are threefold. First, just as the 'H-1"N HSQC
spectrum is a fingerprint of the amide backbone of a protein,
the 'H-*C HSQC spectrum is a fingerprint of the aromatic
side chains. That is, the experiment correlates the chemical
shifts of each 1*C-'H pair, and thus the spectrum should con-
tain two peaks for each histidine, five for each tryptophan,
and depending on the rate of ring flipping, three or five and
two or four for each phenylalanine and tyrosine, respec-
tively. Second, the ring carbons of the aromatic amino acids
have diagnostic '*C chemical shifts, thus providing excellent
peak dispersion in the 'H-'3C HSQC spectrum (Richarz and
Wiithrich 1978; Wishart et al. 1995b). For example, the
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Fig. 1. Constant time 'H-'3C HSQC specira of the Ets-1 and
GABPo pointed domains. Negative peaks from the tryptophan
13Cy/'H and histidine '*Cg/'Hy, resonances are boxed. Peaks
from the phenylalanine rings are distorted owing to strong coupling
effects. Ets-1 pointed domain numbering starts at the

N-terminus of the full-length Ets protein, whereas the numbering
for the GABPo pointed domain starts from the first residue of the
cloned sequence (GABPa. residue 168). It is interesting to note
the similarities in the relative dispersion of peaks from
corresponding residues in the spectra of the two homologous
proteins. For instance, Trp-72 in Ets-1 corresponds to Trp-22 in
GABPo. Trp-126, -83, and -80 in Ets-1 correspond to Trp-74, -33,
and -30, respectively, in GABPa. This implies that each protein
has a similar structure.
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histidine '*Cg, signals fall between 114.0 and 121.0 ppm,
whereas the *C, signals have shifts between 135.0 and
139.0 ppm. The exact chemical shifts are dependent upon
the ionization state of the imidazole ring (Yu and Fesik
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1994). Tryptophan '*Cy, peaks are found between 112.0 and
116.0 ppm, the '*Cy; and '3C4 peaks are situated between
118.0 and 123.0 ppm, the '*C,, peaks are set between 122.0
and 126.0 ppm, and the '*Cy; peaks are positioned between
122.0 ppm and 128.0 ppm. Tyrosine 3C; peaks have chemi-
cal shifts between 131.0 and 134.0 ppm, and the '3C, peaks
are located between 116.0 and 120.0 ppm. Phenylalanine
1>C peaks are situated between 128.0 ppm and 130.0 ppm
and the >Cz and '3C, peaks are set between 129.0 and
134.0 ppm. Third, the constant time mode of acquisition al-
lows for the discrimination of signals on the basis of the to-
pology of the *C spin system (Santoro and King 1992;
Vuister and Bax 1992). Specifically, using a total constant
time delay of 1/('Jec) = 1/(60 Hz), 3C-'H pairs with one
13C neighbor are inverted relative to those with zero or two
neighbors. Thus, peaks corresponding to the '3Cy;/'Hg; cor-
relations of tryptophan indole rings and the '*Cgy/"Hy, corre-
lations of histidine imidazole rings are readily identified by
their negative sign.

Using the constant time 'H-'3C HSQC spectrum as a ref-
erence, connections between protons within an aromatic ring
are provided by conventional two-dimensional DQF-COSY
and TOCSY experiments (Figs. 2-5). Assignment of the res-
onances from the carbons directly bonded to these protons is
then obtained by careful alignment of the homonuclear cor-
relation spectra with the 'H dimension of the constant time
'H->C HSQC spectrum. Finally, the 3C and 'H assignments
of each aromatic ring can be verified on the basis of
intraresidue NOEs resolved in a three-dimensional 13C-edited
NOESY-HSQC spectrum (Figs. 6 and 7). Clearly it is impor-
tant that these series of spectra be measured under very
similar experimental conditions. In general, we record
two-dimensional DQF-COSY and TOCSY spectra with an
unlabelled protein sample in D,0 buffer and have not found
any problem with their alignment to the 'H-!3C HSQC spec-

‘trum of the corresponding sample of '*C/'*N-labelled pro-

tein in H,0. To reduce the possibility of misaligning peaks,
one could certainly examine a single labelled sample and ap-
ply 1*C decoupling during the t1 and t2 evolution periods of
the homonuclear correlation experiments, or alternatively, re-
cord a natural abundance 'H-3C HSQC on the unlabelled
protein. As discussed previously, an alternative tack for as-
signing the spectra of the aromatic rings involves the
three-dimensional 'H-TOCSY-relayed ct-['3C,'H]-HMQC
(Zerbe et al. 1996) or (HC)C-(C)CH-TOCSY (L&hr and
Riiterjans 1996) experiments. However, on the basis of our
experience, the high resolution and signal-to-noise ratio of
two-dimensional 'H DQF-COSY and TOCSY experiments,
relative to their three-dimensional counterparts, combined
with the spectral simplification afforded by selective
deuteration, permit the confident assignment of aromatic
amino acids in proteins.

The final step of the assignment strategy involves record-
ing CgHg and CgH, experiments, which correlate the chemi-
cal shifts of the ring protons to that of the corresponding
side-chain 13CB. Using a plethora of three-dimensional
TH-13C-13N correlation experiments, it is now routine to spe-
cifically assign the resonances from the main-chain and
aliphatic side-chain nuclei of a protein (Clore and
Gronenborn 1994). The CgH; and CgH, experiments there-
fore provide sequence-specific identification of the aromatic
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Fig. 2. Assignment of the 'H, ®C, and N resonances from the two histidine rings in the Ets-1 pointed domain. The individual
experiments utilized are named in the upper left-hand corner of each box. Negative *Cg/'Hg peaks in the 'H-'3C CT-HSQC spectrum
are boxed. Both histidine residues are in the neutral N,, tautomeric. form on the basis of their N chemical shifts and patterns of two-
and three-bond 'H-'>N couplings. The labile H,, of the buried His-128 is detected in a 'H-'*N HSQC spectrum recorded without

perturbation of water magnetization.
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spin systems. These experiments rely exclusively on
through-bond scalar correlations and thus avoid the potential
ambiguities . associated with more traditional NOE-based
methods of assigning aromatic ring protons (Wiithrich 1986).

Specific examples of this assignment strategy applied to
the aromatic rings of the pointed domains of Ets-1 and
GABPa are discussed in the following sections.
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g

Histidine

The assignment of the 'H, 13C, and 5N resonances from
the two histidine rings found in the Ets-1 pointed domain is
presented in Fig. 2. Using the Cgl; experiment, the Hy, as-
signments of His-76 and His-128 were made, linking the
rings to the backbone of the protein. The corresponding
13Cy, assignments were extracted by careful alignment of the
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Fig. 3. Assignment of the 'H, >C, and >N resonances from the four tryptophan rings in the Ets-1 pointed domain. The individual
experiments utilized are indicated beside the upper left-hand corner of each box. Negative 13Cs/'Hg peaks in the 'H-13C CT-HSQC
spectrum are boxed, and negative contours beside the DQF-COSY spectrum are indicated by a single contour. (a) Assignments of
resonances from the '*C, 'Hy, '*N;;, and 'H,, nuclei are provided by scalar correlations detected in the CgHy 'H-3C CT-HSQC, and
'H-'*N HSQC spectra. Connections to the 'He, and hence 1*Cy, resonances are provided by the '*N-edited NOESY-HSQC experiment.
(b) Assignments of the resonances from the ‘an, ’HQ, and ’H€3 nuclei, and their directly bonded carbons, are obtained from a
DQF-COSY experiment, followed by alignment with the 'H-'3C CT-HSQC spectrum. The DQF-COSY spectrum was recorded with a

selectively *H-[y'?,8'%,()-Phe labelled sample in D0 buffer, and thus only signals from the tryptophan rings are observed. (Note that
histidine protons are detected in the corresponding TOCSY spectrum.)
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CgHj spectrum to the constant time 'H-13C HSQC, in which
these peaks are negative. The 'H-'N HMBC experiment
provided the information to link the 'Hg, protons to the 5N,
and "Ny, and accordingly, 'Hy nuclei. These assignments
were verified by a weak four bond 'H, - 'H, coupling that
is often detected in a DQF-COSY or TOCSY spectrum
(Wiithrich 1986). Finally, the !3C, assignments were ob-
tained from alignment with the constant time 'H-13C HSQC
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spectrum. For a slowly exchanging labile proton on BN,
(such as the buried His-128 in Ets-1), the Hy assignment
was made from a 'H-'’N HSQC recorded without perturba-
tion of the water magnetization. This IHQ, with a chemical
shift downfield of 12 ppm, can also be detected in a
one-dimensional 'H spectrum of a protein recorded without
saturation of water (Markley 1975; Plesniak et al. 1996,
Connelly and McIntosh 1998).
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Fig. 4. Assignment of 'H and '>C resonances from the three tyrosine rings in the GABPa pointed domain. The individual experiments
are indicated beside the upper left-hand corner of each box. and the negative peaks in the DQF-COSY spectrum are drawn with one
contour. The DQF-COSY spectrum was recorded with a sample of H-{y"%,§".{}-Phe and *H-[8'. (.5 .€*.W')-Trp labelled protein in D,O
buffer. This allows for the unambiguous identification of crosspeaks from the tyrosine phenolic protons. The weak peak near 7 ppm

arises from an alternate conformation of the GABP pointed domain.
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Information on the ionization state and tautomeric form of
each histidine residue in a protein is also provided by the
'H-1SN HMBC experiment (Bachovchin 1986; Pelton et al.
1993; Plesniak et al. 1996). In the fully charged form, it is
expected that both "N, and °Ng; nuclei will have chemical
shifts clustered between 170 and 180 ppm. In contrast, the
shift of the deprotonated >N in the neutral form of histidine
will fall near 250 ppm. In the case of the Ets-1 and GABPu
pointed domains, all histidines have >N shifts near 250 and
168 ppm, indicating that they are in the neutral form at
pH 6.5 and 7.2, respectively (Fig. 2). The 'H-"N HMBC

experiment is also used to determine the tautomeric state of
the neutral imidazole ring. For the Ng,-H tautomer, it is ex-
pected that two strong correlations (’Ng-'H,, and Ny-'Hg)
will be present near 250 ppm. For the N,-H tautomer, one
strong correlation ("Ng-'Hgy) at approximately 250 ppm
and two slightly weaker correlations (*Ng-'H, and PN, 1

'Hg,) at approximately 168 ppm should be present. In th-
case of the Ets-1 pointed domain both histidines (His-76 and
His-128) are in the N,-H tautomeric state because only one
single strong peak (I°Ng-'H,) is present near 250 ppm
(Fig. 2). A similar situation is found for the three histidines
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Fig. 5. Assignment of 'H and 13C resonances from the three phenylalanine rings in the GABPq pointed domain. The individual
experiments are indicated beside the upper left-hand corner of each box, and the negative peaks in the DQF-COSY spectrum are
drawn with one contour. The DQF-COSY spectrum was recorded with an unlabelled sample of protein in D,O buffer, and thus the
signals from the iryptophan and tyrosine aromatic ring protons are also observed.
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in the GABP« pointed domain.

Tryptophan

The assignment of the 'H, 3C, and N resonances from
the four tryptophan residues in the Ets-1 pointed domain is
illustrated in Fig. 3. From the CgH; experiment, the 'Hj, as-
signments were obtained. The corresponding '3Cg; assign-
ments were deduced from the corresponding negative peaks
in an aligned constant time 'H-13C HSQC spectrum. By sur-
veying the two-dimensional 'H-N HSQC and HMBC,
three-dimensional  SN-edited TOCSY-HSQC  and
NOESY-HSQC, and  two-dimensional homonuclear
DQF-COSY and TOCSY experiments recorded in H,O

buffer (data not shown), the 1°N,, and '"Hy resonances were
readily assigned by virtue of their scalar and NOE coupling
to the 'Hy; nucleus. Connections to the six-membered ring
were provided by NOEs between 'H, and 'Hp in a
5N-edited NOESY-HSQC or two-dimensional homonuclear
NOESY spectrum recorded in H,O buffer (Fig. 3a). Re-
ferring back to the constant time "H-13C HSQC, the C¢, as-
signments were obtained by alignment of the 'H shift
(Fig. 3a).

To complete the assignment of the tryptophan ring Hp,,

2> Hys, and Hy resonances and DQF-COSY and TOCSY
spectra were recorded with a protein sample in D,0O
(Fig. 3b). To simplify this task, we biosynthetically
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Fig. 6. The assignments of the 'Hg resonances from the seven phenylalanine residues in the Ets-1 pointed domain were confirmed on
the basis of the observation of NOEs from the corresponding 'H,, and IH&B' protons. Shown are strips from a three-dimensional
13C-edited NOESY-HSQC spectrum taken at the '3C, (left) and '*Cy (right) frequencies of the phenylalanines. The carrier frequency
was set at 67 ppm to allow simultaneous excitation of aromatic and aliphatic carbons.
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deuterated the phenylalanine residues (the Ets-1 pointed do-
main does not contain any tyrosine residues). Therefore,
only the ring protons from the tryptophan indole and
histidine imidazole rings were observed in these
two-dimensional correlation spectra. Lastly, the correspond-
ing 13C assignments were extracted from the constant time
IH.3C HSQC and confirmed by inspection of a
three-dimensional *C-edited NOESY-HSQC spectrum (data
not shown).
Tyrosine

The assignment of the 'H and !*C resonances from the
three tyrosine rings in the GABPo pointed domain is illus-

45

43 35 33

trated in Fig. 4. Starting again with the CgHs experiment, the
"H;. from Tyr-83 and Tyr-17 were assigned. The chemical
shifts of their corresponding '*Cg partners were obtained
from the constant time 'H-'*C HSQC spectrum. The 'Hg.
resonance of Tyr-6 was not detected in the CgHy spectrum.
The 'H.. protons were easily identified in a DQF-COSY
spectrum of the GABPo pointed domain in which the
phenylalanine and tryptophan residues were specifically
deuterated. This eliminated confusion owing to overlap
from the signals of these aromatic amino acids. The 'He
were also identified in a CgH, experiment and their corre-
sponding attached carbons were identified in the constant
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Fig. 7. A two-dimensional homonuclear NOESY spectrum of the unlabelled Ets-1 pointed domain in D,O buffer provides significantly
greater signal-to-noise and resolution than a three-dimensional *C-edited NOESY-HSQC spectrum of the '*C/'"N labeled protein in
H,0. Shown are comparisons of the NOE data for two ryptophan protons provided by these experimental approaches (Taix = 75 ms).
The '*C carrier was set at 67 ppm for excitation of both the aromatic and aliphatic carbons,
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time 'H-">C HSQC spectrum. The tyrosine rings in the
GABPa pointed domain undergo fast flipping on the chemi-

cal shift time scale and thus exhibit degenerate chemical .

shifts for the 81 and & carbons—protons, and the €l and €2
carbons-protons. A possible exception is Tyr-6, for which
the unidentified 'Hg. resonances may be absent owing to in-
termediate exchange broadening.

Phenylalanine

The final, and perhaps most difficult, task is the assign-
ment of the resonances from the phenylalanine ring. Strong
13C-3C J couplings combined with limited shift dispersion
(the non-first order AB spin system) distort peaks from these
residues in a regular or constant time 'H-*C HSQC spec-
trum, making their resolution difficult. Figure 5 illustrates
the assignment of the 'H and 'C resonances from the three
phenylalanine residues (Phe-38, -63, and -64) in the GABPa.
pointed domain. Starting with the CgH; experiment, the 'Hg,
protons were identified. Using a DQF-COSY in conjunction
with a TOCSY spectrum (data not shown), the assignments
of the 'Hg, 'He, and Hy were made. The 'H,. assignments
were confirmed using the CgH, experiment, and the
*Cq and *Cy assignments extracted from the constant
time 'H-">C HSQC. All of the phenylalanine rings in the
GABPo. and Ets-1 pointed domains undergo fast flipping on
the chemical shift time scale.

The assignment of the 'H and '’C resonances from the
seven phenylalanine rings in the Ets-1 pointed domain was
relatively difficult owing to their poor dispersion in the 'H

dimension (Fig. 1). The 'H. assignments, obtained from the
CgH; experiment, were confirmed on the basis of the obser-
vation of intraresidue NOESs to the 'H,, and 'Hgg resonances
resolved in a three-dimensional '3C-edited NOESY-HSQC
spectrum (Fig. 6). In four cases (Phe-53, -56, -88, and -98),
the '*Cg, assignments could be deduced by alignment to the
'H-13C constant time (CT)-HSQC spectrum (Fig. 1), and by
the observation of symmetry NOEs between the aliphatic
and aromatic protons in the '*C-edited NOESY spectrum.
Using DQF-COSY and TOCSY spectra, recorded with an
unlabelled sample of the Ets-1 pointed domain, selected
¥Ce/'He (Phe-56, -98, -113, -120) and '*C/'H, (Phe-56,
-98, -112) protons and carbons were assigned. Although it
may have been possible to obtain more complete assign-
ments of the phenylalanine spin systems by preparing a sam-
ple of this protein with selectively deuterated tryptophan
indole rings, the severe overlap of the signals from these res-

. idues would have still precluded the resolution of NOEs

needed for structural analysis.

Structural restraints

The determination of the structure of a protein by NMR
spectroscopy is dependent primarily on the measurement of
three-bond scalar couplings and NOE interactions to provide
dihedral angle and interproton distance restraints, respec-
tively. Specific considerations of these measurements in the
case of aromatic residues are discussed in the following two
sections.
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Fig. 8. Measurement of the 7, dihedral angles of aromatic
resxdues in the GABPq pointed domain by qualitative analysis of

e 1*C-{*C,} and "*N- {*3C,} spin-echo experiments according
to a staggered rotamer model In the “C-{"*C,} difference
spectrum. a peak at the frequency of the amide 'H-"*N of
residue (i + 1) indicates that the aromatic residue (i) has a ¥,
angle of —60°. In the *N-{"*C,} experiment. a peak at the amide
frequency of aromatic residue (/) indicates that it has a x; angle
of 180°.
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Dihedral angle restraints

Expanding upon the elegant idea of quantitative J-correlation
spectroscopy (Bax et al. 1994), Hu et al. (1997) developed
the two-dimensional 1’C’—{BC } and PN-{C,} spin echo
experiments to provide the JC'C7 and JNCY coupling con-
stants for aromatic residues, respectively. These experiments
also aid in the assignment of the 'H-'>N spectrum of a pro-
tein. When analyzed according to a staggered rotamer model,
if a 'H-N peak from residue (i + 1) is present in the

Biochem. Cell Biol. Vol. 76, 1988

3C-{"3C,} difference spectrum. then the ¥, of the preceding
aromatic residue (i) 1s —60°. Conversely. if a peak from the
amide of aromatic amino acid (/) is observed in the
13N-{1C,} difference spectrum, then the ¥, of that residue is
180°. In the case of the GABPo pointed domain. Tyr-17.
His-21, Trp-22, and Phe-64 were found to have a %, of —60°.
whereas His-29, Trp-30, Trp-33. Phe-63. and Trp-74 have ¥,
angles of 180° (Fig. 8). These dihedral angles were also con-
firmed by the combined use of the three-dimensional
HNHB, short mixing time '“N-edited TOCSY-HSQC. and
13C/PN-edited NOESY-HSQC experiments (Powers et al.
1993; Clore and Gronenborn 1994).

NOE-based distance restraints

Three- or four-dimensional '*C-edited NOESY spectra are
invaluable for the resolution and assignment of interproton
NOE interactions (Clore and Gronenborn 1994). However,
as illustrated in Fig. 7, few NOEs to aromatic protons are ac-
tually detected in the '*C-edited NOESY-HSQC spectrum of
a protein such as the Ets-1 pointed domain. This is attributed
to a loss in signal owing to '*C-induced dipolar relaxation,
peak broadening resulting from strong '*C-'3C scalar cou-
plings (~60 Hz), and the difficulty of uniformly exciting the
full 13C spectrum of a protein as required to record simulta-
neously the NOE interactions between all aromatic and
aliphatic protons. Note that the latter problem can be offset
by the use of broadband adiabatic WURST pulses (Zwahlen
et al. 1997), or by recording a '*C-edited NOESY-HSQC
centered only about the aromatic carbons.

In contrast, we have found that a standard
two-dimensional homonuclear NOESY experiment provides
the necessary signal-to-noise ratio and. in combination with
selective deuteration, resolution to confidently measure NOE
interactions involving aromatic protons (Donaldson et al.
1996; manuscripts in preparation). For example, six strong
NOEs to Trp-80 Hg were observed in the homonuclear
NOESY spectrum of the unlabelled Ets-1 pointed domain,
whereas none were detected in the '3C-edited version of this
experiment recorded with a '3C/**N enriched protein
(Fig. 7). In addition to aiding with spectral assignments, se-
lective labelling with deuterated aromatic amino acids has
proven to be a highly effective method for overcoming po-
tential problems caused by chemical shift degeneracies in
the analysis of the homonuclear NOESY spectrum of a pro-
tein. Of course, a parallel NOESY spectrum recorded on an
unlabelled sample in D,O buffer is necessary to detect possi-
ble NOEs between different types of aromatic amino acids.
Combining the information contained in both homonuclear
and '3C-edited NOESY-HSQC spectra of the Ets-1 and
GABPa pointed domains, 153 and 124 restraints, respec-
tively, involving aromatic protons were measured for the
structural determination of these two protein fragments.

In conclusion, we have described a strategy for the assign-
ment of the 'H, *C, and PN resonances from the aromatic
residues in proteins using a suite of homo- and het-
ero-nuclear scalar and NOE correlation experiments, com-
bined with selective deuterium labelling. This strategy also
allows for the measurement of dihedral angle and
NOE-based distance restraints for aromatic amino acids, as
required to increase the accuracy and precision of protein
structure determination by NMR methods.
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