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Abstract

Four novel amino acid type-selective triple resonance experiments to identify the backbone amino proton and
nitrogen resonances of Arg and Lys and of their sequential neighbors in (13C,'>N)-labeled proteins are presented:
the R(i+1)-HSQC and R(i,i+1)-HSQC select signals originating from Arg side chains, the K(i+1)-HSQC and
K(i,i+1)-HSQC select signals originating from Lys side chains. The selection is based on exploiting the charac-
teristic chemical shifts of a pair of carbon atoms in Arg and Lys side chains using selective 90° pulses. The new
experiments are recorded as two-dimensional ' H-">N-correlations and their performance is demonstrated with the

application to a protein domain of 83 amino acids.

Triple-resonance experiments (Kay et al., 1990; Mon-
telione and Wagner, 1990; Clore and Gronenborn,
1991; Sattler et al., 1999) are standard tools for
resonance assignment in (3C,'N)-labeled proteins
(McIntosh and Dahlquist, 1990) and are well suited for
an automated assignment (Moseley and Montelione,
1999). The usual strategy is to correlate a (‘HN,1N)
frequency pair with C%, CP or carbonyl carbon fre-
quencies of the same and a sequential amino acid and
thus form chains of signal patterns that can be matched
to the amino acid sequence of the protein once the
type of amino acid corresponding to the pattern has
been identified. The likelihood for the type of amino
acid can conveniently be derived from the C* and CP
chemical shifts which form a two-dimensional land-
scape with characteristic areas for the different amino
acid types (Grzesiek and Bax, 1993). In some cases
the amino acid type is readily identified via this pro-
cedure. In other cases several amino acid types have
to be considered since the probabilities are not suf-
ficiently different. Moreover, the correct type might
not even be among the most probable ones. This will
be a particular problem in automated assignment and
additional information is highly desirable.

*To whom correspondence should be addressed. E-mail:
schmieder @ fmp-berlin.de

We have recently presented amino acid type-
selective 'H-"N-correlations (Schubert et al., 1999,
2000, 2001a, b) that help to identify the amino acid
type of a certain residue and of its preceding neighbor
and can thus provide this information. The majority
of these new experiments is based on the MUSIC
sequence (Schmieder et al., 1998; Schubert et al.,
1999) that replaces the initial INEPT step in a triple-
resonance pulse sequence. It can also be combined
with selective pulses and carefully tuned delays. Thus
the topology of the side chain and the chemical shifts
of carbon atoms other than C* and CP are used as
additional criteria to identify the amino acid type.

Here we present amino acid type-selective 'H-N
correlations selective for Arg and for Lys. The selec-
tion criteria used in these sequences are the chemical
shifts of the CY and C® in case of Arg and the C
and C? in case of Lys. For both amino acids the suffi-
ciently distinct chemical shifts of these carbons allow
to treat the nuclei independently with selective pulses.
The pathway of magnetization in the new experiments
is depicted in Figure 1: after the selection with soft
pulses the magnetization is transferred along the side
chain to the C*. The magnetization is relayed either
via the carbonyl carbon to the (i+1) nitrogen or di-
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Figure 1. Schematic representation of the magnetization pathway
in the new experiments. After proton excitation, magnetization is
transferred to 13C. With selective pulses the cdiey pair in Arg and
the C&/C? pair in Lys are selected (indicated by the rectangle). The
magnetization is transferred along the side chain to the C* carbon as
indicated by the thick lines. The two magnetization pathways differ
in the transfer from the C* carbon to the nitrogen. In the left column
the transfer of magnetization from the C* carbon to the carbonyl
and then to the nitrogen and amide proton in the (i+1)-HSQCs is
depicted. The right column represents the (i,i+1)-HSQCs, where
the magnetization is transferred from the C* carbon to either the
nitrogen of the same amino acid or that of the (i+1) neighbor.

rectly to both nitrogens coupled to the C* (i or i+1),
and finally detected on the respective amide proton.
The novel experiments are derived from the
CBCA(CO)NH (Grzesiek and Bax, 1992a) and the
CBCANH (Grzesiek and Bax, 1992b). Two and three
relay steps are implemented in the original sequences
to obtain experiments for Arg (R(i+1)- and R(i,i+1)-
HSQC) and Lys (K(@i+1)- and K(,i+1)-HSQC), re-
spectively. Despite an inevitable loss of magnetization
due to relaxation during the additional delays, these
reduce the intensity only slightly relative to the orig-
inal sequences since the side chains of Arg and Lys
are linear chains of carbon atoms with almost iden-
tical carbon-carbon one-bond couplings. The desired
selectivity for Arg and Lys is achieved via the im-
plementation of soft pulses in the beginning of the
sequence as described below. The pulse sequences

are shown in Figure 2. The new experiments are ap-
plied to the chicken EphB2 SAM domain (Smalla
et al., 1999; PDB: 1SGG), a mostly helical pro-
tein of 83 amino acids for which nitrogen relaxation
measurements yielded a rotational correlation time of
6.5 ns.

Characteristic chemical shifts of Arg C® and CY
are 43.1 = 1.0 ppm and 27.3 & 1.4 ppm, respectively
(Seavey et al., 1991; http://www.bmrb.wisc.edu). In
the initial INEPT step both carbon pulses are replaced
by pulses selective for the C®. The 180° pulse (Sy) is
performed as a REBURB (Geen and Freeman, 1991)
pulse with a length of 4096 s centered at 45 ppm; it
covers a range of 8 ppm. Note that this selective pulse
extends throughout the complete delay 2t;. Only an
effective J-coupling is therefore active between the
proton and carbon spins. It was determined experi-
mentally to be 90% of the true J-coupling and the de-
lay of 4096 s therefore has the proper length. During
an [-BURP (Geen and Freeman, 1991) pulse, that has
been designed for the inversion of z-magnetization, the
effective coupling is smaller due to its unsymmetrical
shape. It would thus have required a longer delay to
evolve the coupling and we used the REBURP shape
instead.

A self-refocusing LOS2-0 (Lunati et al., 1998)
pulse with a length of 3072 s applied at 45 ppm
is used as the 90° pulse (S2) and covers a range of
11 ppm. In the following delay 2A the chemical shift
evolution of the C? is refocused while the coupling be-
tween the C® and the CY evolves. This is accomplished
using a nonselective rectangular 180° pulse in the cen-
ter of the delay. The transfer of magnetization from
the C? to the CY is then achieved by two subsequent
selective 90° pulses (S3 and S4), one selective for the
C?, the other for the CY. Both are performed as LOS2-
0 pulses: S3 has a time inverted shape and is centered
at 45 ppm, S4 is applied at 29 ppm. These two selec-
tive pulses, which are phase cycled independently, are
of central importance for the new experiments. They
transfer magnetization only between carbon spins that
are connected via a one-bond coupling and have chem-
ical shifts in the correct ranges. This is true solely for
Arg (C¥ and CY) and Lys (C® and C?). Signals from
the latter will not appear in the Arg spectra, since two
relay steps are not sufficient to transfer magnetization
from the C® to the C*. The resulting spectra in Fig-
ure 3a and b demonstrate the clean selection achieved
with the selective pulses, only signals from Arg are
present.
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Figure 2. Pulse sequences of the amino acid type-selective 'H-15N-correlations selective for Arg and Lys. The pulse sequence for the
(1,i+1)-HSQCs is shown in (a), that for the (i4+1)-HSQCs in (b). Narrow filled and wide unfilled rectangles correspond to 90° and 180°
rectangular pulses, respectively. Magnetic field gradients as well as shaped 180° Bco pulses are represented by sine shapes. Pulses applied
at the 13C%/B or 13CO resonance frequencies were adjusted to provide a null at the corresponding 13c0o or Bc frequencies. The lengths
of the pulses are given for a 600 MHz spectrometer. The rectangular 13ca/B 90° and 180° pulses were set to 49 s and 44 ps, respectively.
The rectangular 13¢0 90° and 180° pulses were set to 54 s and 108 s, respectively. The shaped 180° Bco pulses were applied as G3
Gaussian cascades (Emsley and Bodenhausen, 1990) with a duration of 256 ps. The striped thick bar (S1) stands for a band-selective 180°
REBURP pulse (Geen and Freeman, 1991). Self-refocusing selective L0S2-0 excitation pulses (Lunati et al., 1998) are represented by filled
half-sine shapes (Sp—S4). The offsets and pulse lengths are given in the description of the particular experiments. The second L0S2-0 pulse
(S3) has a time inverted shape. Unless indicated otherwise, pulses are applied with phase x. Proton hard pulses were applied with 25 kHz field
strength; WALTZ-16 (Shaka et al., 1983) of Iy spins was achieved using a field strength of 3.1 kHz. The water-selective 90° square pulse
had a duration of 1 ms. GARP-1 decoupling (Shaka et al., 1985) of I5N was achieved using a field strength of 830 Hz. Water suppression
was obtained using WATERGATE implemented with a 3-9-19 pulse (Sklendr et al., 1993). The gradients were applied as a sinusoidal function
from O to w. The carrier frequencies were centered at ITH=1438 ppm, 5N = 1196 ppm, 13ca/B = 45 ppm and 13co =175 ppm. The
following delays were used: 1y = 2.0 ms, 1p = 2.1 ms, 13 = 5.5 ms, 14 = 2.25 ms, §) = 4.5 ms, 3; = 6.9 ms, 3, = 11.4 ms, 83 = 9 ms,
Tn = 11 ms, Ay = 3.5ms, Ap = 5.5 ms, Az = 8.8 ms for the K-(i+1)-HSQC and 4.5 ms in case of the R-(i+1)-HSQC, A4 = 4.3 ms for
the K-(i+1)-HSQC and 0 ms in case of the R-(i+1)-HSQC, A5 = 4.5 ms. Alternative values for A3, A4 and Ag in case of the K-(i+1)-HSQC
are given in the text. To achieve quadrature detection in the indirect dimension the States-TPPI-States protocol (Marion et al., 1989) was used
in all experiments. All spectra were processed using XWINNMR (Bruker AG). The pulse programs and the L0S2-0 shape in Bruker format are
available under http://www.fmp-berlin.de/ schubert. (a) R-(i,i+1)-HSQC (omitting the part in parentheses) and K-(i,i+1)-HSQC (including the
part in parentheses). The phase cycling was: ¢1 = y; ¢ = X, —x; ¢3 = 8 (X), 8 (¥), 8 (—x), 8 (—=¥); dg4 = 2 (X), 2 (—X); ¢5 = 4 (x), 4 (—X);
b = 4 (x), 4 (—x); &7 = 8 (%), 8 (—X); drec = X, 2 (—X), X, 2 (—X, 2 (X), —X), X, 2 (—X), X. States-TPPI phase cycling was applied to phase
¢e. The gradients had the following duration and strength: G| = 2 ms (28 G/cm), Gp = 1 ms (21 G/cm). (b) R-(i+1)-HSQC (omitting the part
in parentheses) and K-(i+1)-HSQC (including the part in parentheses). The phase cycling was as follows: ¢; =y; ¢ =X, —x; ¢3 = 8 (x), 8
(1), 8 (=), 8 (=y); bg = 2 (x), 2 (=X); b5 = 4 (x), 4 (=X); b6 = 50° b7 = 4 (x), 4 (—x); dg = 8 (X), 8 (—x); Prec = X, 2 (=), X, 2 (=X, 2
(x), —X), X, 2 (—x), x. States-TPPI phase cycling was applied to phase ¢7. The gradients had the following duration and strength: G| = 2 ms
(28 G/cm), G, = 1 ms (21 G/cm).
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Figure 3. Arg and Lys selective TH-15N-correlations of the chicken EphB2 receptor SAM domain (Smalla et al., 1999; PDB: 1SGG), which
contains 3 Arg and 4 Lys residues. The spectra were recorded on a DRX600 in standard configuration using an inverse triple resonance probe
equipped with three-axis self shielded gradient coils. The experiments were recorded at 300 K with a 1.5 mM ISN/13C labeled sample of the
SAM domain at pH 5.7. A’ 5 mm ultra-precision sample tube was used. All spectra were recorded with 64 (t;) x 512 (ty) complex points in
each dimension and spectral widths of 3012 Hz (13N) x 10000 Hz (*H). The data were processed using a squared sine-bell shifted by 90°
as a window function in both dimensions. The N t; interferograms were quadrupled in length by linear prediction using XWINNMR. The
final spectra had a size of 512 (t;) x 1024 (tp) real points. (a) The R-(i+1)-HSQC was acquired in 3 h using 64 scans. All expected signals
are visible. (b) The R-(i,i4-1)-HSQC was acquired in 4.5 h using 96 scans and contains all Arg residues and smaller signals from the sequential
neighbors. (c) The K-(i4+1)-HSQC was acquired in 6 h using 128 scans. It contains three out of four K-(i+1) signals. E27, the sequential
neighbor of K26, is missing due to the relaxation properties of the latter. In the shorter version of the experiment that does not suppress the Arg
residues the signal is present. (d) The K-(i,i+1)-HSQC was acquired in 6 h using 128 scans and contains three out of four Lys residues. The
signal resulting from K26 is again missing.



Characteristic chemical shifts of Lys C® and C?
are 41.7 = 0.9 ppm and 28.8 & 1.4 ppm, respectively
(Seavey et al., 1991; http://www.bmrb.wisc.edu). To
record the spectra selective for Lys the same pulse se-
quences as in the Arg experiments are used but they
are extended by an additional relay step. The selective
pulses are of the same type and of the same length, but
are applied at slightly different frequency positions: Sy
is centered at 44 ppm, S, and S3 at 45 ppm and S4 at
29 ppm.

Signals from Arg can potentially appear in the Lys
spectra. It is, however, desirable to obtain spectra that
contain only signals from Lys. This can be achieved
by tuning the delays in the relay steps to appropriate
values which can be derived from an inspection of the
transfer functions of various magnetization pathways.

The transfer function for Lys between points a and
b in the (i,i4-1)-pulse sequence depicted in Figure 2a
is:

sin® (Jcc2 As) sin(rlce283) sin(mlen283) (1)

Jcc stands for all one-bond carbon-carbon cou-
plings which are assumed to be uniform. During each
of the three delays 2A, one carbon-carbon coupling
is refocussed and one is evolving and each of the three
90° pulses following the delay accomplishes a transfer
of magnetisation to the next carbon in the side chain.

For Arg three magnetization pathways are pos-
sible. There are three relay steps after the selective
pulse S4, while it takes only two steps to transfer the
magnetization from the CY to the C*. Consequently,
detectable signal does only result if during one of the
delays 2A, coupling to the previous carbon in the side
chain is refocussed while coupling to the next carbon
in the chain does not evolve. No magnetization will
then be transferred by the subsequent 90° pulse. Equa-
tions 2, 3 and 4 represent the situation if no transfer
takes place after the first, second or third of the three
delays 2A», respectively.

sin(1tJcc2A)) cos(mtlcc2Ar) x
cos(mtlcc2Ar) sin(mtlcc2Ar) x 2)
sin?(tJcc2As) x sin(r)ce283) sin(Ien283)

sinz(nJCCZAg) x sin(mtJcc2A») cos(mlcc2Ar) X
cos(mtlcc2A)) sin(mtlcc2Ar) x 3)
sin(1tJcc283) sin(mtJen283)

sinz(nJCCZAg) X sinz(chCCZAz)x “4)

sin(1tJcc2A)) x cos(mtlcc283) sin(mlen283)
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Note that the transfer functions (2) and (3) are identi-
cal. The delays A, and 33 can be tuned such that the
signals from transfer functions (2), (3) and (4) cancel
each other while the signal from transfer function (1) is
optimal. After experimental optimization the best re-
sults were obtained with A, = 5.5 ms and 83 = 9 ms.
The same type of suppression can be used in the (i+1)-
sequence. The delays A3, A4 and As are adjusted to
8.8, 4.3 and 4.5 ms, respectively, which is simultane-
ously optimal for the evolution of coupling between
the C* and the carbonyl and the cancellation of signals
from Arg. Spectra are shown in Figure 3c and d. All
expected resonances are present while Arg signals are
suppressed. If the delays A3z, A4 and As are adjusted
to 4.5, 0 and 4.5 ms, respectively, the sensitivity is
higher but signals from Arg are not suppressed any
more.

With the new experiments the signal of K21 in
the SAM domain can be easily identified as a Lys
residue and the signal of M22 as a sequential neighbor
of Lys (Figure 3c and d). With C* and C? chem-
ical shifts of 57.0 and 28.2 ppm for K21 both the
program ‘type_prob’ (Grzesiek and Bax, 1993) and
current methods used within ‘AutoAssign’ (Zimmer-
mann et al., 1997; Moseley and Montelione, personal
communication) yield less than 1% probability for
Lys. We observed a similar problem in the EVHI
domain of VASP (Ball et al., 2000) in the case of
K21 with C* and CP chemical shifts of 56.5 and
28.8 ppm. Even though the programs would retain Lys
as a possible spin system assignment, the novel selec-
tive experiments would greatly enhance the robustness
of the assignment procedure.

In conclusion, we have presented a set of four
'H-SN-correlations selective for Arg and Lys which
can be used to identify Arg and Lys residues and
their sequential neighbors. The R-(i4-1)-HSQC and R-
(1,14+1)-HSQC contain only signals originating from
Arg, while the K-(i+1)-HSQC and K-(i,i+1)-HSQC
contain only signals originating from Lys. Together
with the previously published amino acid type-
selective 'H->N-correlations (Schubert et al., 1999,
2000, 2001a, b) we are now able to identify Ala, Gly,
Thr, Val/lle, Asn, Gln, Asp, Glu, Ser, Leu, Pro, Trp,
Phe/Tyr/His, Arg and Lys residues and their sequen-
tial neighbors. The novel experiments can be used
as additional information for manual or automated
assignment procedures.
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