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Abstract: A family of 2D NMR experiments is presented for the sequence-specific assignment of arginine guanidino
'H and >N chemical shifts based on the transfer of magnetization exclusively by scalar connectivities. Because of
the potential for significant exchange with water at the ¢ and # positions along the side chain of arginine residues,
care has been taken to minimize saturation and dephasing of water throughout the course of the pulse schemes.
Attempts are made to minimize the effects of chemical exchange due to moderately slow rotation about the N¢—C?
bond of arginine. The methods are demonstrated on a 1.5 mM sample of the C-terminal SH2 domain from
phospholipase-Cy1 in complex with a 12-residue phosphotyrosyl peptide comprising its high-affinity binding site in

the platelet-derived growth factor receptor.

Introduction

The past several years have witnessed a significant growth
in the use of NMR spectroscopy to study protein structure and
function.! Much of this growth is the result of the development
of multidimensional, multinuclear NMR methods?~8 which have
extended the molecular weight limitations of the technique to
the point where it is now quite feasible to study proteins or
protein complexes with molecular weights on the order of 25
kDa. Methods exist, for example, for the facile assignment of
backbone? ('H,'N,!3C) and side chain®'® 'H and '3C chemical
shifts in uniformly 'SN,'3C-labeled proteins which serve as the
starting point for further structural or functional studies.
Because of the importance of arginine side chain guanidino
groups participating in stabilizing interactions in many protein—
ligand complexes, including protein—DNA complexes'""'? and
Src homology 2 (SH2) signal transduction domains bound to
phosphotyrosyl-containing peptides,'>~!6 unambiguous assign-
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ment of these resonances is of considerable significance. It is
often the case in such complexes that several of the arginine
side chains are in spatial proximity leading to ambiguities in
assignments based on NOEs. Recently Yamazaki et al. have
developed experiments for correlating the arginine H¢,N¢,C*
chemical shifts via magnetization transfer employing scalar
connectivities exclusively,'” and Wittekind et al. have demon-
strated that it is possible to observe He,N¢H? correlations in
the HNHA—gly experiment.'® This work has been extended
by Boelens, Kaptein, and co-workers in the development of a
pulse scheme for establishing correlations between guanidino
H¢,N” chemical shifts.'?

In this paper a family of pulse schemes is provided for the
sequence-specific assignment of all arginine guanidino side
chain 'H and PN chemical shifts based on the transfer of
magnetization via scalar couplings only. The method relies on
knowledge of the assignments of the 'H? chemical shifts of each
arginine, which are used to connect the guanidino group to its
appropriate position in the primary sequence of the protein.
Because the side chain guanidino protons are often quite labile,
care has been taken to minimize saturation of water during the
experiments. Moreover, the relatively slow rotation about the
Né¢—C¢ bond results in a broadening of the line widths of the
N” and H” spins. Care has been exercised in the design of pulse
schemes to try to minimize the effect of the increased line widths
of N7 spins, caused by the incomplete averaging of the chemical
shift differences between the two 7 positions, on the quality of
the resulting spectra. The approach is demonstrated on a 1.5
mM sample of the C-terminal SH2 domain of phospholipase-
Cyl (PLCC SH2, 105 amino acids) in complex with a
12-residue phosphotyrosine-containing peptide (pY1021) com-
prising its high-affinity binding site on the platelet-derived
growth factor receptor (PDGFR).
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NMR Pulse Schemes for Sequence-Specific Assignment

Materials and Methods

A 1.5 mM sample consisting of a uniformly !*N,!3C-labeled
recombinant PLCC SH2 domain in complex with a 12-residue
pY 1021 phosphopeptide was prepared as described previously.'s
The sample was dissolved in 90% H,0, 10% D,0, and 0.1 M
sodium phosphate, pH 6.3, at 30 °C.

All experiments were performed on a Varian UNITY-500
spectrometer equipped with a pulsed field gradient unit and a
triple-resonance probe with an actively shielded z gradient. The
Arg—He(NC%H? experiment was recorded as a 64*512 com-
plex matrix with spectral widths of 4 kHz (F) and 8 kHz (F3),
1024 scans per FID, and a 1.15 s repetition rate to give a total
recording time of 42 h. Both Arg—H*(N*C5)N” and Arg—H"-
(N"CPNe)H¢ experiments were recorded as 64*512 complex
matrices, with 512 scans per FID and 1.15 s between scans to
give total measuring times of 21 h/spectrum. F) spectral widths
of 3.3 and 4.0 kHz were employed for the Arg—He(N¢CH)N”
and Arg—H7(N7C*N€)H¢ experiments, respectively, and an F»
spectral width of 8 kHz was employed in both cases.

The activation energy for rotation about the N¢—C?% bond of
arginine (~0.6 M unlabeled arginine from Sigma, dissolved in
70% H,0, 10% D>0, 20% methanol) was estimated from the
temperature dependence of the rate constant describing the N¢—
C¢ rotation. Rate constants at —5, —10, —15, and —20 °C were
determined using an HSQC pulse scheme with a delay Tp,
inserted between the # evolution period and the final INEPT2®
transfer at the point where 2-spin order LN, is created, as
described in the literature.?’-?? (I, and N, are the z components
of proton and nitrogen magnetization, respectively). This
experiment gives rise to spectra with auto peaks (N7, H") and
cross peaks (N7, H7) (i,j = {1,2}, i#}), and the (assumed) 2-site
jump rate between 71 and 72 can be estimated from the ratio
of the auto and cross peak intensities as a function of T;, as
described below. A number of small modifications were made
to the original HSQC pulse scheme for measuring exchange.
First, pulsed field gradients were included between the 'H and
13N 90° pulses during the transfer of magnetization from 'H to
N and subsequent transfer from N to 'H to aid in the
suppression of the intense water signal. In addition, a 'H 90°
pulse (of the same phase as the 'H 90° pulse in the final INEPT2°
transfer) was inserted immediately prior to detection to (i) aid
in the elimination of signal from protons one-bond coupled to
14N nuclei and to (ii) eliminate dispersive contributions to the
H7 line shape in F> caused by exchange between 71 and #2
during the INEPT transfer from '°N to 'H. The values of T;,
used for the various temperatures are as follows: T, = 1, 6,
10 ms (=5 °C); Ty, = 1, 6, 11, 16, 21 ms (—10 °C); T, = 1, 6,
11, 16, 21 ms (—15 °C); Tn = 1, 11, 21, 31 ms (—20 °C). 2D
exchange spectra were recorded as 128*512 complex matrices
with 16 scans per FID and a relaxation delay of 1.0 s between
scans. It is straightforward to show that, (i) neglecting 'H—'H
cross relaxation and (ii) assuming that the rotation about the
N¢—C¥¢ bond of arginine can be characterized by a 2-site jump
with each site having identical relaxation properties, the time
dependence of cross and auto peaks, [.(Tr) and I,(Tw), respec-
tively, are given by L(Tn) = 0.5L(0)exp(—eTm){1 — exp(—
2kTw)} and I(Twm) = 0.51.(0)exp(—oTm)}{1 + exp(—2kTm)},
where k is the jump rate, and g is the decay rate of 2-spin order
I,N; and includes the effects of exchange with water. The value
of k can be extracted from the ratio [I,(Tn) — [(Tm))/[1a(Tm) +
I(Tw)], which is independent of 9. Values of the activation
energy for the 2-site jump were calculated from the temperature
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dependence of k according to the Arrhenius equation, k = Aexp-
(—E./RT), where A is the frequency factor, E, is the activation
energy, T is the absolute temperature, and R = 8.314 J mol™!
K.

Results and Discussion

Our interest in developing methods for the sequence-specific
assignment of arginine (N¢,H¢) and (N”,H”) chemical shifts was
stimulated by structural studies of a complex of the PLCC SH2
domain with the 12-residue pY1021 phosphopeptide. Our recent
solution structure of the complex !’ shows that four of the nine
arginine side chain guanidino groups are in the phosphotyrosiiie
binding pocket and can potentially interact with the phosphate
group of the peptide. Sequence alignment of PLCC, Src, and
Lck SH2 domains indicates that only two of the four arginines
found in the phosphotyrosine binding pocket of the PLCC SH2
are conserved in Src and Lck, with a lysine substituted for one
of the other arginines (see Figure 1 of ref 15). The additional
positively charged side chain in proximity to the phosphoty-
rosine in the PLCC SH2 domain relative to Src or Lck SH2
domains suggests that not all of the four arginines may be
equally important in binding. That this is the case is illustrated
in Figure 1, which shows a portion of the 'H—>N HSQC
spectrum of the PLCC SH2—pY 1021 complex. Note that two
of the (N”,H") cross peaks are shifted significantly downfield
relative to the remaining NH; cross peaks in both N and 'H
dimensions (Arg 37) and that one of the nine (N¢H¢) cross
peaks, in particular, is shifted appreciably upfield in the "N
dimension (Arg 37). These anomalously shifted cross peaks
are not observed in the case of the uncomplexed PLCC SH2
domain in non-phosphate buffers.”? The recognition that the
chemical shift differences observed in the spectrum may provide
important insight into the different roles of the arginines in the
phosphotyrosine binding site has led to the development of
methods for their sequential assignment. The use of NOEs fer
assignment of these resonances can be ambiguous, especially
given the presence of four arginine side chains within the
phosphotyrosine binding site. Moreover, rapid exchange with
solvent results in the attenuation of many of the NOEs from
H” or H¢ protons, further complicating NOE-based assignment
strategies. Because NOEs connecting the arginine side chains
to the phosphotyrosine of the peptide are sparse, knowledge of
the chemical shifts could potentially provide structural informa-
tion through the use of chemical shift refinement methods.**
Additionally, the assignment of the chemical shifts serves as
the starting point for detailed studies of arginine side chain
dynamics and hydrogen exchange properties.

Figure 2 illustrates the pulse schemes that were developed
for the sequence-specific assignment of (N,H) cross peaks of
arginine guanidino side chains using methods based exclusively
on scalar connectivities. The three pulse schemes that we have
used in the present study are described below. While the first
two sequences are similar to experiments already in the litera-
ture,'”~!® particular emphasis in the design of the present experi-
ments has been placed on optimizing sensitivity which has
proven crucial in the application to the SH2—pY 1021 complex.

(1) Arg—H5(NeC%)H? (Figure 2a). The flow of magnetiza-
tion in this experiment can be described succinctly as follows:
sﬁ_ N ’c

INecd J Inecd J;
H ‘e 00 S HO(r) — €0 —— N* = HE(ry) (1)

(23) Pascal, S. M.; Yamazaki, T.; Singer, A. U.; Kay, L. E.; Forman-
Kay, J. D. In preparation.
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Chemistry;, Angeleti, R. H., Ed.; Academic Press: New York, 1993; 615.
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Figure 1. A portion of the 2D 'H—"N HSQC spectrum of the PLCC SH2 domain bound to a 12-residue phosphotyrosine peptide from the
platelet-derived growth factor receptor showing the arginine side chain resonances. Assignments were made using the experiments described in the

text and are summarized in Table 1.

with the scalar couplings active during each magnetization
transfer step listed above the arrows. The design of the pulse
scheme is based on the “out and back™ approach* discussed
previously in the literature and is similar to the HNHA—gly'®
and HNCAHA pulse schemes?® which correlate (H*,'’N,HN)
chemical shifts. The 2D data set generated from the present
sequence, after Fourier transformation, gives rise to cross peaks
at (wus,wye), and comparison of the H? chemical shift(s)
obtained from this experiment with the H shift(s) determined
previously using carbon—carbon TOCSY/COSY-based
experiments®' %2628 provides the sequence-specific assignment
of the He shifts. Once the H¢ shifts are assigned, the N¢ shifts
can be readily deduced from an HSQC spectrum. Alternatively,
it is possible to record a 3D spectrum which correlates N¢, He,
and H? directly; however, this approach was not taken in the
present study.

While the magnetization transfer steps employed in the
present pulse scheme are straightforward and similar to the
transfer in the HNHA —gly sequence,'® a number of aspects of
this experiment are worthy of comment. First, in order to ensure
that only cross peaks of the type (wwus,wue) are obtained and
not the backbone peaks resonating at (wye,wyN), selective SN
180° pulses have been inserted in both the initial and final
INEPT? transfers in the sequence and are denoted by the shaped
nitrogen pulses in Figure 2a. (The chemical shifts of the 'SN¢
and backbone SN spins are 80—90 ppm and 100—135 ppm,
respectively.) By insuring that the bandwidth of these pulses

(25) Kay, L. E.; Wittekind, M.; McCoy, M. A Friedrichs, M. S.; Mueller,
L. J. Magn. Reson. 1992, 98, 443,
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114,
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1992, 374, 413.

(28) Montelione, G. T.; Lyons, B. A.; Emerson, S. D.; Jashiro, M. J.
Am. Chem. Soc. 1992, 114, 10974,

does not include the backbone '’N spins, the corresponding
pathway to that described in eq 1 for backbone nuclei cannot
occur.

Second, as described in the introduction, it is crucial for the
optimum sensitivity of these experiments that saturation of water
magnetization be minimized and that the water magnetization
be restored to the +z axis prior to detection.??~3! To this end,
the sequence makes use of water selective pulses denoted by
the shaped 'H pulses in Figure 2a, and care is taken in the design
of the phase cycling. After the first water-selective pulse (point
a in the sequence) the water magnetization is restored to the
+z axis. At the conclusion of the subsequent 7}, period, during
which antiphase "N magnetization refocuses, 'H decoupling
commences to maintain inphase nitrogen magnetization. Note
that the 'H 90°, pulse at the start of the period rotates the water
magnetization so that it is aligned with the 'H decoupling field
(decoupling pulses applied along the +x axes) and therefore is
unaffected by the 'H pulses.3' The long T}, of water ensures
that essentially no decay occurs during this period, and water
magnetization is restored to the +z axis at the conclusion of
decoupling by the action of the 90°-, pulse. Note that the 'H
90°4, flanking pulses are not necessary if an integral number
of WALTZ-16,%2 decoupling cycles are employed; however, this
requires careful attention to the lengths of the 7. delays and the
'H, 15N, and '3C? pulse widths, and for this reason we prefer
the approach illustrated in Figure 2. The subsequent three 'H
pulses (between points b and ¢ in the Figure 2) rotate the water
magnetization 360° and hence restore the water to the +z axis.
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Figure 2. Pulse sequences for the assignment of the arginine guanidino >N and 'H chemical shifts. The schematic to the left of each sequence
indicates the spins involved in each magnetization transfer pathway. (a) Pulse scheme of the Arg—HS(NC®)H® experiment. All narrow (wide)
rectangular pulses have a flip angle of 90° (180°). All proton pulses are centered on the water resonance and are applied with a field of 24 kHz
with the following exceptions: the water-selective pulses (denoted by the shaped 'H pulses) immediately preceding gradient g; and after gg are
applied as 2.7 ms (200 Hz at peak height) pulses having the profile of a 90° SEDUCE-1?7 element; the final two water-selective pulses, flanked by
gradients go, are applied as 1.5 ms rectangular pulses; the 'H 90°, pulses flanking the WALTZ-16,%? (all pulses along +x axes) decoupling periods
are applied with a 6.25 kHz field as are the 'H WALTZ* decoupling fields. The "N pulses are centered at 85 ppm, and the pulses denoted by
rectangles are applied with a 5.3 kHz 1f field. The first shaped '*N pulse has a duration of 1.4 ms and a SEDUCE-1%7 profile (780 Hz at peak
height). The final N pulse is applied as a 0.5 ms rectangular pulse. *N-decoupling during acquisition is achieved with a 1.0 kHz WALTZ»
decoupling field. All C® pulses are applied with the carbon carrier centered at 43 ppm using an rf field of 8.3 kHz. The use of this field
minimizes excitation of the '*C¢ spins (centered at ~158 ppm'”) by the *C® 180° pulses, thereby ensuring that the transfer of magnetization
proceeds between SN < '3C% and not !N < 3C¢ during the INEPT? transfers. The delays used in the sequence are 7, = 2.4 ms, T, = 5.5 ms,

= 18.0 ms, and 74 = 0.8 ms. Numerical simulations (verified by experiment) show that during the initial and final INEPT?° periods of duration
2ra, evolution due to the '"H—'5N scalar coupling proceeds during the application of the (long) '*N 180° pulse of duration pwx for an effective time,
T = (2/7) pwn in the case of a rectangular nitrogen pulse and for an effective time, 7 = (0.82)pwy in the case of a pulse having the SEDUCE-1%
profile. Therefore the effective time for the evolution of 'H—!N scalar coupling is 4.5 ms for the first INEPT period and 4.6 ms for the second.
The phase cycle employed is as follows: @ = (x,—x); ¢2 = 4(x),4(—x); ¢3 = 2(x),2(—x); ¢1 = 4(x), 4(—x); 5 = 4(x),4(—x); P = 8(»),8(—y); &7
= 16(x),16(—x); ¢ps = 32(x),32(—x); rec = x,2(—x),x,2{—x,2(x),—x}.x,2(—x),x. The delays and strengths of the gradients are as follows: g, = (0.5
ms, 8 G/cm), g2 = (0.5 ms, 4 G/cm), g3 = (1.0 ms, 10 G/cm), g4+ = (0.5 ms, 12 G/cm), gs (0.1 ms, 15 G/em), g6 = (0.2 ms, 10 G/cm), g7 = (0.8
ms, 10 G/cm), gs = (1.0 ms, 12 G/em), go = (0.2 ms, 8 G/cm). Quadrature in F; is obtained by incrementing the phases of ¢, ¢4, and ¢s
simultaneously by 90°.38 (b) Pulse scheme of the Arg—H¢(N“C%)N" experiment. Details concerning the strength of the rf fields employed and the
durations and shapes of pulses are as described in (a) with the exception that the carbon carrier is placed in the center of the '3C* region of the
carbon spectrum, 158 ppm. The delays used in the sequence are 7, = 2.4 ms, 7, = 5.5 ms, 7. = 11.0 ms, and 7, = 7.0 ms. The phase cycle
employed is as follows: ¢ = (x,—x); ¢ = 2(x),2(—x); 93 = 4(x),4(—x); ¢1 = 8(x),8(—x); ¢5 = 16(x),16(—x); rec = x,2(—x),x,2{—x,2(x),—x},x,2-
(—x),x. The delays and strengths of the gradients are g, = (0.5 ms, 8 G/cm), g2 = (0.5 ms, 5 G/em), g3 = (1.0 ms, 15 G/em), g4 = (0.75 ms, 20
G/cm), gs = (1.0 ms, 6 G/cm), g6 = (1.0 ms, 4 G/cm), g7 = (0.2 ms, 5 G/cm), gs = (1.0 ms, 12 G/cm), and go = (0.2 ms, 20 G/cm). Quadrature
in F| is obtained by incrementing the phase of ¢. using the States—TPPI*® method. (c) Pulse scheme of the Arg—H"(N"CéN9H¢ experiment. 'H
pulse widths and pulse shapes are as described in (a). Details concerning !*N pulses are as in (a) with the exceptions that the carrier is placed at
79 ppm and that the shaped 180° pulses are applied as 1 ms (1.1 kHz at peak height) SEDUCE? pulses. 'SN—!3C heteronuclear cross-polarization
is accomplished using a 0.9 kHz DIPSI-2* mixing scheme applied simultaneously to both !N and !3C spins for 64 ms. The carbon carrier is at
158 ppm. The delays used in the sequence are 7, = 2.3 ms, 7, = 1.45 ms, 7. = 2.81 ms, tj, = 11/2 + 7, tiy = 11/2 — n§, and t1c = 7, — n + 2*pwy,
where { = (1, — g2 + 2*pwn)/(N — 1), n =0, 1, 2 ... N-1, N is the number of complex acquisition points in the ¢; dimension, pwy is the '*N 90°
pulse width, and g, is the duration of the second pulsed field gradient, indicated by the number “2” in the figure.*'4* The phase cycle employed
is as follows: ¢; = (x,—x); ¢2 = 2(x),2(—x); rec = (x,—x,—x,x). The delays and strengths of the gradients are g, = (0.6 ms, 8 G/cm), g» = (0.2
ms, 10 G/cm), g3 = (0.5 ms, 9 G/cm), g4 = (0.25 ms, 4 G/cm), gs = (2.0 ms, 10 G/cm), and gs = (0.2 ms, 15 G/cm). Quadrature in F is obtained
by incrementing the phase of ¢, using the method of States.’®
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Note that the phases of the three pulses, ¢, ¢4, and ¢s, are
incremented by 90° simultaneously to record the quadrature
component of magnetization in the indirectly detected dimen-
sion. At first glance it may seem that the 'H 90° pulse of phase
¢> is unnecessary. Indeed, it serves no purpose insofar as
magnetization transfer is concerned, and at point b in the
sequence there is no proton magnetization associated with the
protein that will give rise to a signal of interest. Furthermore,
for the cosine f-modulated component of the signal, it is
possible to eliminate this pulse and, by the careful choice of
phases of other 'H pulses in the sequence, ensure that water
magnetization is placed along the +z axis by the detection
period. However, it is not clear how the same result can be
achieved for the sine #z)-modulated component without the
insertion of additional pulses. The approach taken here, where
a 'H pulse of phase ¢; is included in the scheme, ensures that,
for both quadrature components of magnetization, the water
magnetization is positioned along the +z axis at the conclusion
of the sequence and that water magnetization is preserved with
the same intensity for both x and y components of the #; signal.
This is important since, if the steady state water signal is
different for the x and y components, exchange with labile
protons, such as the H¢ proton, can give rise to F; quadrature
artifacts for cross peaks involving these protons. Note also that,
in a manner similar to the 'H pulse of phase ¢, the 'H 90°
pulse applied at point d in the sequence has no affect insofar as
the magnetization transfer pathway is concerned, but serves to
place the water magnetization on the +z axis prior to the
application of gradient g.

(2) Arg—H=(NC5)N” (Figure 2b). The flow of magnetiza-
tion in this experiment is shown in eq 2 with the appropriate
scalar couplings indicated above the arrows. This experiment

Inu Inect ¢ Jynct Iyt CC Inect

N¢ C N"(z))

H*
e I €
N —H'(sy) (2)

provides sequence-specific assignments of the N” resonances
from a knowledge of the H¢ chemical shifts obtained from the
He(N<C%)H? experiment described above. With minor modifi-
cations to this scheme it is possible to record the C* chemical
shift as well; however, because of the near degeneracy of many
of the C¢ shifts, we have not found this to be useful. Recently,
Vis et al. have proposed a similar experiment and applied it in
their structural studies of the 19.5 kDa DNA binding protein,
HUBst.!®

Many of the same considerations necessary to insure the
optimal performance of the Arg—He(NCHH? sequence were
also important in the design of the present experiment and will
not be reiterated. At point a in Figure 2b the magnetization of
interest is given by the operator 2N¢,C¢,, where N¢, and C¥,
denote the z and y components of magnetization associated with
the N¢ and C? spins, respectively. During the subsequent period
274 this operator evolves to give the following terms: 2N¢.C*,
cos*(2mJrg); 2N .CE, cos(2mtrq) sin’(2mizg); 2N72,CH, cos-
(27JTq) sin?(2mJzq); SN .CENT! N2, cos(2mtza) sin?(2mlza); Co
cos2(2mJry) sin(RmJtg); 4N, CENT!, cos?(2mtty) sin(2m/zq);
4N, CEN2, cos2(2mtty) sin(mJrg); and 4CEN7IN72, sin-
(27Js), where J is the coupling between the C% carbon and
any of the N¢, N7!, and N”? nitrogens (assumed equal®3). The
last four terms are eliminated by the phase cycling of ¢3 and
¢4 indicated in the legend to Figure 2. However, the first four
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terms will give rise to cross peaks in the 2D spectrum:
2N¢,C¥, cos’(27Tz,) — (Wyo g
2N"! CF, cos(2mt,) sin*(270JT,) — (x> D)
2N" C°, cos(2mty) sin’(27JT,) = Wy 0) (3

N C*.N"' \N" cos(27Jt,) sin’(2zJt,) —
("wan — Wy T Wye st)’ (wan + Wrnt ™ Wy st),
(wan - ri/l + sz’ w[—[s)’ (-wNV/Z + ri/l + sz’ w[—[s)

where the appropriate term at point b in the sequence and the
cross peak(s) arising from that term are indicated on the left
and right hand sides of the arrows, respectively. Note that the
intensities of cross peaks at the frequencies indicated in eq 3
are proportional to the square of the trigonometric terms
indicated on the left hand side of the arrows. For 274 ~14 ms,
signals of appreciable intensity are obtained for the first three
terms. However 3-spin cross peaks arising from magnetization
of the form 8N¢,Cé.N7,N72; at point b in the sequence are
reduced in intensity by a factor of 4 relative to the cross peaks
of interest at (wnn',wye) and (wnn2,wye). By careful positioning
of the N carrier in this experiment it is relatively straightfor-
ward to distinguish 3-spin peaks from the cross peaks of interest.
Equation 3 indicates that, by placing the carrier in the center of
the N¢ region of the nitrogen spectrum, the triple-spin peaks
are well separated from the remaining peaks.

3) Arg—H"(N"C°Ne)H¢ (Figure 2¢). The flow of magne-
tization in this pulse scheme is

J, INvice Inect J,
H() = N' = CF SN R 1) (4)

with the active couplings listed above the arrows. In this
experiment there is net transfer of magnetization from the H”
proton to He¢ using heteronuclear cross polarization (CP)*** to
effect the transfer. Note that the transfer is asymmetric; that
is, magnetization can be transferred from H” to H¢ giving rise
to cross peaks at (wur,whe), but the transfer pathway from H¢
to H” giving rise to cross peaks at (wpue,wpn) is not allowed.
This asymmetry is due to the choice of the delays, 7, and 7,
during which times a '’N spin evolves due to the one-bond
coupling with its directly attached proton spin(s). By choosing
27, = 1/(2Jxu) magnetization which originates on the H¢ spin
at the start of the experiment and is transferred to transverse
N" magnetization at the end of the heteronuclear CP period
evolves during the interval 27. to give a term of the form
4N7, H7 H7, where N7, and H72Y, denote transverse N7
magnetization and z magnetization of the two protons attached
to N7. This term is not converted into observable magnetization
by the action of the remaining pulses in the sequence. In
addition, it is straightforward to show that, while diagonal peaks
at (wys,wy:) will be observed in spectra, peaks at (wyr,wun) will
not be observed. The absence of these peaks is due to (i) the
choice of the delays 7, {1/(8/xu)} and 7. {1/(4Jnu)} as before
and (ii) the action of the 'H 90°, pulse immediately prior to the
start of the heteronuclear CP period which effectively acts as a
purge pulse by transforming terms which would normally give
rise to (wHy,wHy) diagonal peaks into operators corresponding
to coherences which are not refocused into observable magne-
tization by the remaining portion of the sequence. For example,

(33) London, R. E.; Walker, T. E.; Whaley, T. W.; Matwiyoff, N. A.
Org. Magn. Reson. 1977, 9, 598.

(34) Bearden, D. W.; Brown, L. R, Chem. Phys. Lett. 1989, 163, 432.
(35) Zuiderweg, E. R. P. J. Magn. Reson. 1990, 89, 533.
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in the absence of the purge pulse the following pathway is
allowed:

H”Iaz - HmazN”ltr - Hmasztr e Hnlszmtr - H”Ibtr (5)
(a) (b) (©) (d) (e)

where H7'3, is the z component of magnetization from one of
the two #1 protons (distinguished by the superscripts a and b),
Ny is transverse nitrogen magnetization, and the letters a, b,
etc. map the terms to the appropriate positions in the pulse
scheme denoted by a, b, etc. Of course, an identical pathway
exists for #2. Note that, in the scheme of eq 5, the heteronuclear
CP period does not serve to transfer magnetization. These paths,
therefore, give rise to peaks of the form (wpria,cwyrb) and
(wynv,wyns) as well as peaks arising from the transfer of
magnetization within the second NHz group. In many cases,
these peaks are either on the diagonal or very close to the
diagonal. The addition of a 'H 90°, purge pulse prior to the
start of the CP period creates operators of the form H7'2 N7,
which are eliminated by the action of gradient 5 in Figure 2¢
and in any event are not refocused into observable signals by
the remaining pulses in the sequence. Note that the partial
elimination of diagonal or near-diagonal peaks through the use
of the purge pulse aids in the observation of cross peaks that
connect H7 and H¢ protons having similar chemical shifts.

The 'H 90° pulse applied prior to the start of the hetero-
nuclear CP period plays another important role in the elimination
of artifacts brought about due to exchange of labile protons (such
as H”7 or H¢ protons) with water magnetization that has a
different steady state value depending on whether the cosine-,
or sine-modulated #; component is recorded. Quadrature
components in #; are obtained by recording spectra with ¢, =
x and ¢; = y in an interleaved manner. When ¢; = x, the water
magnetization (which is on-resonance) is along the —y axis
immediately prior to the heteronuclear CP period and is restored
to the +z axis by the effects of radiation damping during this
time (64 ms). The remaining pulses in the sequence are of the
appropriate phase so that the water magnetization lies along
+z prior to detection. In contrast, when ¢; = y the water
magnetization is along the +z axis prior to the application of
this "H 90°, pulse. The action of the pulse rotates the water
into the transverse plane where it is restored to the +z axis by
radiation damping. At first glance it may seem that this pulse
is unnecessary when ¢ = y since in its absence the water
magnetization is along the +z axis at the end of the CP period
in any event. However, as was discussed in the context of the
Arg—He(N<C%H® sequence previously, it is essential that
equivalent steady state values for the water magnetization be
obtained for both ¢; = x and ¢; = y components. If this is not
the case, exchange of labile protons with water will create
inequivalent values of the protein magnetization at the start of
the sequence for ¢; = x and ¢; = y leading to quadrature
artifacts. Since the CP time may not be sufficient to ensure
that water is completely restored to the +z axis via radiation
damping for ¢; = x, we prefer to place the water magnetization
in the transverse plane at the start of the CP sequence for both
¢ = x and y so that equivalent steady state values of the water
magnetization are achieved in a manner independent of the phase
¢1. For a CP mixing time of 64 ms employed in the present
study, this strategy is superior to other pulse schemes which
make use of additional shaped pulses to minimize water
saturation and place the water along the +z axis prior to
detection. However a limitation of the present approach is that
it does require that radiation damping be used to restore the
water magnetization to the +z axis and is therefore only
applicable for relatively long CP times.
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Figure 3. Transfer functions for magnetization exchange from N”! to
C¢, N¢, and N2 as a function of the transfer time, assuming that (a) all
of the spins have equal 7 values of < or (b) 7> values of 80, 120, and
60 ms for the C*, N¢, and N7 spins,? respectively. An on-resonance
spin lock CP field was used for simplicity with Je:_x = 20 Hz.> Equal
T, values of e are assumed for all spins in the simulations. The
simulations were performed by assuming a CP Hamiltonian, %, of the
form = mJe_n[(N",C%, + N7.C5) + (N"3,CE, 4+ N72,CE) + (N4, CY,
+ N¢,C¥%,)] and by a complete density matrix treatment with the initial
condition that at # = O the only magnetization present is the x component
of spin N7!. Transverse relaxation was included by solving for the
density operator in 1 ms intervals; at the completion of each interval
the density matrix is decomposed into its product operator terms, and
each operator is allowed to relax at the appropriate rate. The relaxation
rate of a product term is assumed to be the sum of the rates of each
component operator in the term. The x components of magnetization
relax with prescribed 7, values (see above) while the y and z
components relax with rates which are averages of 1/7 and 1/T; rates
due to rapid rotation about the spin lock axis (x).

As discussed above the pulse scheme of Figure 2c permits
the flow of magnetization from H” to H¢. It is straightforward
to change the magnetization transfer pathway from H¢ to H”
by interchanging the delays 7, and 7.. However, because the
line widths of arginine H” protons are in general significantly
larger than the line widths of H¢ protons (see below) and
resolution in the Arg—H"(N7CEN¢€)H¢ spectrum is limited in #
by the fairly course digitization employed, spectra of higher
resolution can be obtained if the H” shift is recorded indirectly
(#;) and the H¢ shift recorded during the much longer #; period.

Figure 3 illustrates the transfer functions for magnetization
exchange from N7' to C%, N¢, and N72 as a function of the
heteronuclear CP transfer time assuming (a) that all of the spins
have equal 7> values of « or (b) T> values of 80, 120, and 60
ms for the C% N¢, and N” spins,? respectively. A simple
continuous wave (CW) spin lock mixing scheme was used in
the simulations, and equal C*—N coupling constants of 20 Hz
have been assumed.??

It is also possible to design an Arg—H7(N"C*N€)H¢ pulse
scheme whereby magnetization is transferred from H” to N¢
based on a series of CP transfer steps exclusively. Applications
of such a sequence to a sample of the PLCC SH2 domain—
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Figure 4. Spectra of the amino acid arginine as a function of temperature. For 1D spectra recorded at —50 °C and —30 °C a sample of 0.35 M
natural abundance arginine dissolved in 45% H,0, 5% D0, and 50% methanol was used. Two-dimensional HSQC spectra (temperatures = —5
°C) were recorded on a 0.7 M natural abundance sample in 90% H,O and 10% D,0O, pH 5.7 (room temperature value). Assignments of the
resonances are indicated below the 1D spectrum recorded at —30 °C, where € and 7 refer to the H® and H” protons, respectively, and bb is the

backbone HN proton.

pY1021 complex gave results which were similar to the results
of the experiment of Figure 2c¢ (see below). In contrast, an
Arg—H"(N"CEN€)H¢ sequence with magnetization transfer from
N7 to C? and from C* to N¢ established via a series of INEPT?
transfers resulted in spectra of very poor quality. Insight into
why the heteronuclear CP pulse scheme is superior to sequences
based on INEPT transfers of magnetization can be obtained from
Figure 4 which shows the temperature dependence of spectra
of a sample of the amino acid arginine. It is clear that, at —50
°C, rotation about one of the Ci—N” bonds is sufficiently slowed
so that distinct chemical shifts can be observed for the two H7
protons of one of the NH; groups. As the temperature is raised
the rotation rate about this C5—N” bond is increased so that
only a single H” proton chemical shift is observed. However,
the HSQC spectrum of arginine recorded at —5 °C shows two
distinct (N7,H”) “auto” peaks, at 6.52 and 70.78 ppm and at
6.97 and 72.89 ppm, indicating that rotation about the N¢—C¢
bond is hindered to some extent. It is interesting to note that
even at this temperature there are exchange cross peaks
(indicated by the arrows in Figure 4) corresponding to the
transfer of magnetization from one 7 site to the other due to
rotation about the N¢—C¢ bond. Numerical simulations show
that these exchange peaks arise from exchange events which
occur during the t; period as well as during the refocusing period
of the final INEPT portion of the sequence, which in the present
case corresponds to an interval of 4.6 ms. As the temperature
is raised the intensities of the (N”7,H7) auto peaks decrease due
to broadening in both the 'H and N dimensions (intermediate
exchange regime) to the point where at 15 °C the cross peaks
are barely visible. At higher temperatures, rotation about the
N¢—C¢ bond becomes sufficiently rapid so that only a single
(N7H") auto peak is observed. Heteronuclear CP transfer
schemes become particularly advantageous relative to their
counterparts based on INEPT transfers when the exchange
between 11 < %2 occurs at a rate, k, in the regime 77! < k <
Aw, where 27 is the time that magnetization evolves in the

INEPT scheme prior to transfer and Aw is the chemical shift
difference between 71 and #2.3¢ In the limit that the hetero-
nuclear CP field is very much stronger than the chemical shift
offsets of spins N”' and N7? from the carrier, transfer of
magnetization via CP is essentially independent of exchange.
For the study of arginines in proteins where there is likely to
be a range of rotation rates about N‘—C*¢ bonds depending on
the particular contacts of a given arginine side chain, the N <
C heteronuclear CP scheme described here will be superior to
INEPT-based magnetization transfers.

Based on the temperature dependence of the intensity of the
(N7H") auto peaks in Figure 4 it is possible to obtain a
qualitative estimate for the #1 <> 2 jump rate in arginine at
the temperature of maximum broadening, ~15 °C. Assuming
that the 'SN” and 'H7 chemical shift differences at —5 °C are
essentially independent of exchange, a jump rate of ~500 s™!
is estimated at 15 °C. More quantitative estimates of the jump
rate vs temperature can be obtained by an experiment in which
a mixing time, Ty, is inserted immediately after the final 90°
SN pulse in a regular '"H—!’N HSQC pulse scheme 22! An
estimate of the #1 <> %2 jump rate, k, can be obtained by
quantitating the buildup of cross peaks (N, H%) (i = j)
corresponding to magnetization which originates on one of the
two NH; guanidino groups and is transferred to the second group

(36) Rance, M. NMR Gordon Research Conference, Magnetic Resonance
in Medicine and Biology, New England College, July 17—22, 1994,

(37) McCoy, M.; Mueller, L. J. Am. Chem. Soc. 1992, 114, 2108.
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48, 286.
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85, 393.
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Figure 5. (a) Relative intensity of the auto (N” H") and cross (N H)
(i = j) peaks as a function of mixing time, T, in HSQC-exchange
experiments?0-2! recorded on a sample of 0.56 M natural abundance
arginine dissolved in 70% H>0, 10% D0, 20% methanol. Auto peak
intensities are indicated by the symbols + and x, cross peak intensities
by the symbols o and *. (b) Arrhenius plot of the 771 <> #2 jump rate
versus temperature from which an activation energy of 14.0 = 0.2 kcal
mol~! is calculated.

during T,,. As described in the methods section, if (i) cross-
relaxation during Tr, is neglected and (ii) a two-site 71 <> 72
jump model with each site having equivalent relaxation proper-
ties is assumed,

{I(T,) — I(THVUT) + I(T )] = Bexp(—2kT,) (6)

where I(T) and I,(T,) are the intensities of the cross (N7 H")
(i 2 j) and auto (N, H") peaks, respectively, at a mixing time
of Tr,. The effects of exchange during the reverse INEPT period
are included in the factor B in equation 6. Profiles of I.(T)
and I,(Ty,) from "H—'N exchange spectra of arginine recorded
at —20 °C are illustrated in Figure Sa. Note that the decay
curves of both auto peaks are the same and that the time
dependence of each of the cross peaks are also equivalent. Figure
5b plots the values of £ measured as a function of temperature
from which an activation energy of 14.0+0.2 kcal mol™! is
obtained for rotation about the N¢—C¢ bond.

Figure 6 illustrates the quality of the data obtained from the
pulse schemes described in the present paper. The results from
the Arg—H{(N<C®)H?, Arg—He(N<C5)N”, and Arg—H"(N"CENe)-
He¢ experiments are shown in Figure 6a—c, respectively, and
the N7, H”, N¢, and H* chemical shifts are summarized in Table
1. In many cases N” nitrogen and H” proton chemical shifts
are degenerate, consistent with rapid rotation about both N¢—
C¢ and C*—N7 bonds. On the other hand, Arg 18 and Arg 39
each show two N7 nitrogens and two H” protons with distinct
chemical shifts. Of significance is the fact that both N7 and all
four H” chemical shifts for Arg 37 are unique, suggesting slow
rotation about both N¢—C¢ and C5—N” bonds in this case. The
solution structure of the PLCC SH2 domain in complex with a
12-residue phosphopeptide from the PDGFR places Arg 37 at
the base of a deep pocket which binds the phosphotyrosine of
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Figure 6. Spectra from the Arg—H (N‘C*)H? (a), Arg—H<(N<C5N”
(b), and Arg—H"(N"C*N€)H¢ (c) experiments.

Table 1. N and 'H Chemical Shifts of Arginine Guanidino
Groups in the PLCC—Peptide Complex”

residue I5N¢ (ppm) 'H¢ (ppm) I5N" (ppm) 'H” (ppm)

Arg 18 86.4 7.40 71.0 6.08
73.2 b

Arg 27 84.8 7.26 722 6.73

Arg 30 84.3 6.68 71.9 6.43

Arg 37 81.8 6.86 75.3 5.75,9.70
76.8 7.45, 9.45

Arg 39 85.5 8.06 71.9 7.28
72.2¢ 6.73

Arg 50 86.4 7.54 71.9 6.51

Arg 59 83.6 6.56 72.8 6.62

Arg 91 86.1 7.28 72.2 d

Arg 96 85.2 7.03 72.2 6.73

@ The 'H chemical shifts are calibrated relative to external TSP, and
the 1N chemical shifts are calibrated relative to external liquid NH;.
& Not observed due to broadening of the H”. ¢ Confirmed by 3D *N-
edited NOESY*** by observing a cross peak connecting the two H”.
4 Not observed due to broadening of H" or overlap with Arg 27 H".

the peptide.!> Both the position of this arginine in the structure
and the large downfield chemical shifts of both N” nitrogens
and two of the four H” protons suggest that one H” proton from
each of the two NH; groups forms a hydrogen bond with the
phosphate oxygens of the phosphotyrosine of the peptide.
Information of this sort is particularly important due to the
sparsity of NOEs connecting the guanidino portion of arginine
side chains to proximal residues in the protein and due to the
complete absence of NOEs linking the phosphate group to its
neighbors in the structure.



3564 J. Am. Chem. Soc., Vol. 117, No. 12, 1995

In summary, we have described a number of pulse schemes
for the assignment of guanidino !N and 'H chemical shifts
based on connectivities established through scalar couplings
only. The importance of minimizing saturation of water and
of using sequences which are not sensitive to the effects of
chemical exchange have been emphasized. The chemical shifts
provided by the experiments presented have served as the
starting point for understanding and distinguishing the structural
roles of individual arginine side chains in the PLCC SH2—
phosphopeptide complex. It is likely that the experiments will
also find utility in studies of protein—DNA/RNA complexes,
where arginine side chains are often involved in crucial
interactions bridging the protein and the DNA/RNA.
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