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Recent developments in multidimensional, multinuclear
NMR methods have greatly increased the scope of proteins
and nucleic acids that can be studied by this technology (1).
One particularly promising area of investigation relatesto struc-
tural studies of protein—RNA interactions and a number of
NMR-derived structures of such complexes have been reported
in the past few years (2—4). Accurate structures of these mo-
lecular complexes depend on the assignment of intermolecular
NOEs correlating proximal protein and nucleic acid spins. A
key residue in stabilizing protein—nucleic acid interactions is
arginine (4, 5). In fact, statistical analyses of protein structures
establish that arginine is one of the three most abundant amino
acids at molecular interfaces (6). Furthermore, arginines play
a critical role in RNA recognition, especidly in proteins with
arginine-rich motifs such as TAT and REV from HIV, the N
proteins from lambdoid phages, and many vird and ribosomal
proteins (7, 8). Additionaly, site-specific substitutions of argi-
nine for lysine in a number of proteins have been shown to
enhance stability, suggesting that arginine residues might serve
as stabilizing elements in proteins (9).

Given the importance of arginine residues, it is clearly
necessary that methods be developed for the unambiguous
assignment of arginine side-chain chemical shifts, with focus
on the guanadino group in particular, since many of the
molecular interactions involve contacts with this moiety.
Severa years ago, Yamazaki et al. developed experiments
for correlating arginine H, N<, and C* chemical shifts em-
ploying exclusively magnetization transfer via scalar con-
nectivities (10). Subsequently, Wittekind and co-workers
demonstrated that it is possible to observe (H¢, N¢, H?)
correlations in the HNHA-gly experiment (11) and Boelens
et al. developed a scheme for correlating guanidino H¢, N”
chemical shifts (12). Finally, Yamazaki and co-workers
have recently developed a family of experiments for se-
quence-specific assignment of arginine guanidino **N and
'H chemical shifts (13).
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Our interest in developing further methodology for argi-
nine side-chain assignment was peaked during structural
studies of an HIV-1 Rev peptide in complex with stem—
loop 1IB of the Rev response element (RRE) RNA (4).
Eleven of the 23 residues in the Rev peptide are arginines
and many make specific contacts with bases on the RNA or
arein position to establish electrostatic or hydrogen-bonding
interactions with the phosphate backbone of the nucleic acid
(4). Not surprisingly, in some cases it has been difficult to
link H* protons with the aliphatic part of the side chain on
the basis of experiments which correlate H® and H* chemical
shifts (13). The difficulty arises in cases where the H* shifts
of one residue overlap with those of another, or where cross
peaks are simply absent. With this in mind, we present a
number of experiments which correlate the guanidino H¢
proton with either arginine aliphatic side-chain-carbon or
-proton chemical shifts. The large numbers of potential ali-
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FIG. 1. Portion of the *"H—"*N HSQC spectrum of the 1:1 complex of
al.5 mM sample of **N, **C-labeled HIV-1 Rev peptide—RRE RNA illus-
trating the excellent dispersion that is often present in the (N<, H®) region
of correlation maps recorded for RNA —peptide complexes.
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FIG. 2. Pulse sequences for the Arg—(H)C(C)TOCSY —N‘H* (A) and Arg—H(CC) TOCSY —N‘H* (B) experiments. The schematic to the left of
each sequence indicates the transfer pathway involved in each experiment. All narrow pulses have a flip angle of 90° and wide pulses a flip angle of
180°. Proton pulses are centered on the water resonance and applied with a field of 28 kHz with the exception of the 2 ms (90°) rectangular *‘water-
selective’’ shaped pulses. The carbon carrier is centered at 43 ppm, and all **C pulses (i.e., non carbonyl) are applied with a 21 kHz field. The FLOPSY -
8 mixing scheme (17) employs an 8 kHz field, while a 0.8 kHz field (for both **C and **N) is used for hetero-TOCSY transfer (22, 23). A DIPSY-2
mixing sequence (18) with pulses applied along the +y axes is used for the C° — N* transfer, with a mixing time of 75 ms. Typicaly, mixing times of
10-25 ms are employed for the FLOPSY transfer. All N pulses prior to the DIPSI mixing are centered at 104 ppm and applied with a 5.5 kHz field.
The N carrier is switched to 85 ppm immediately after the FLOPSY transfer. Note that the magnetization of interest is aong the z axis at this point.
The selective refocusing *°N pulse (shaped pulse in the center of the first 27, period) is applied as a 1.4 ms re-SNOB pulse (24) with a field strength
at maximum amplitude of 1.67 kHz. N decoupling during acquisition is achieved with a 1 kHz WALTZ-16 field (25). The delays used in the sequence
aer,=17ms, 7, =11ms 7. =24ms and 7, = 7. — (2/7) X pw,, where pw, is the *®N 90° pulse width. (A) The carbonyl pulses are applied
as 132 ppm phase-modulated pulses having the SEDUCE-1 profile (26) and a length of 250 us. Quadrature in F, is achieved via States—TPPI of ¢1
(27). The phase cycle employed is ¢1 = X; $p2 = 2(x), 2(y), 2(—X), 2(—Y); #3 = 8(y), 8(—Y); ¢4 = ¢$5 = X, —X; Rec = 2(X, —X, —X, —X),
2(—Xx, X, X, —X). The delays and strengths of the gradients are g1 = (1 ms, 5G/cm), g2 = (0.2 ms, 2G/cm), g3 = (0.2 ms, 15 G/cm), g4 = (0.5
ms, 4 G/cm), g5 = (0.3 ms, 6 G/cm), g6 = (0.2 ms, 2.5 G/cm), g7 = (0.1 ms, 10 G/cm). (B) Quadrature in F; is achieved via States—TPPI of ¢1
(27). The delays tya, tin, and ty. are set according to ty, = t,/2 + 74, tyy = t,/2 — n{, and t;,c = 7o — N + 2 X pw,, where { = (7. + 2 X pw, — g2)/
(N-1)andn=0,1,2 --- N—1(14,15). N is the number of complex acquisition points in t; and pw, is the carbon 90° pulse width. The phase
cycle employed is ¢1 = 2(X), 2(—X); ¢p2 = 4(X), 4(—X); $3 = 8(y), 8(—Y); ¢4 = ¢5 = X, —X; Rec = X, 2(—X), X, —X, 2(X), —X. The receiver
is inverted every eight scans. The delays and strengths of the gradients are g1 = (1 ms, 5 G/cm), g2 = (0.5 ms, 15 G/cm), g3 = (0.2 ms, 2 G/cm),
g4 = (0.4 ms, 12 G/cm), g5 = (0.1 ms, 10 G/cm).
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phatic chemical shifts per side chain facilitatesthe sequential  TOCSY experiments (14—16) which correlate side-chain
assignment of H¢ protons by comparison of these spectra  shifts with backbone (**N, NH) spin pairs. Of course, once
with the H(CCO)NH-TOCSY and (H)C(CO)NH- the H¢ shifts are assigned, it is straightforward to link the
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FIG. 3. Strip plots of Arg—(H)C(C)TOCSY-NH* (A) and Arg—H(CC)TOCSY —-N‘H* (B) spectra showing correlations between side-chain
carbon (A) or proton (B) and H* chemical shifts of arginine residues in a 1:1 complex of a 1.5 mM sample of *N, *C-labeled HIV-1 Rev peptide—
RRE RNA. Note that the peptide is numbered sequentially from 33. Sample conditions were 25°C, 10 mM sodium phosphate, 50 mM NaCl, 0.1 mM
EDTA, pH 6.5, 90% H,0, 10% D,O. Spectra were acquired on a Varian Unity+ 500 MHz spectrometer equipped with a pulsed-field-gradient unit and
a triple-resonance probe with an actively shielded z gradient. Arg—(H)C(C) TOCSY —N“H*¢ and Arg—H (CC) TOCSY —NH* spectra were recorded with
sweep widths (F,, F,) of (7280 Hz, 8000 Hz) and (2100 Hz, 8000 Hz), respectively, and F, acquisition times of 8.8 ms (**C) and 30.5 ms (*H).
Spectra with homonuclear-TOCSY transfer times of 11.9 and 26.7 ms were recorded, while a heteronuclear TOCSY transfer time of 74.6 ms was
employed in each case. Data from the 26.7 ms transfer are illustrated for the « region of each spectrum while the remaining regions are from experiments
recorded with 11.9 ms homonuclear transfer times. A recycle delay of 1 s was employed in each experiment and acquisition times of approximately 20

h/spectrum were used.

H< and H” shifts via the Arg—H"(N"C*N)H* experiment
that we previously described (13). In thisregard, the assign-
ment is facilitated by the excellent resolution that generally
is present for the H* spins of arginine side chains. This is
shown in Fig. 1, where a portion of the N—'H HSQC

spectrum of a 1:1 complex of *N, **C HIV-1 Rev peptide
(23 residues) and RRE RNA (34 nucleotides) is plotted.
Figure 2 illustrates the Arg—(H)C(C)TOCSY —N“H*
(2A) and Arg—H(CC)TOCSY —N“H® (2B) experiments
that were developed to correlate arginine side-chain-carbon
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(2A) and -proton (2B) chemical shifts with the H¢ shift.
The experiments employ magnetization-transfer schemes
similar to those discussed previously by Yamazaki et al.
(13) and are therefore only briefly described in the present
report. In the Arg— (H)C(C) TOCSY -NH* experiment, the
flow of magnetization can be schematized as

JHC JCC JC°N
lHi 13Ci (tl) 13cé
JHN
15Ne —,le (tz) [1]

with the couplings involved in each transfer indicated above
thearrowsin[1]; t; and t, are acquisition times. The transfer
pathway isidentical for the Arg—H(CC) TOCSY —N“H“ ex-
periment; in this case, however, the *H chemical shift (*H;)
is recorded during t;. Transfer of magnetization from the
site of origination to the C° carbon is achieved viaa FL OPSY
mixing scheme (17), with magnetization subsequently re-
layed to the N° spin via a hetero-TOCSY DIPSI-2 mixing
scheme (18). Because of the relatively large separation be-
tween the chemical shifts of C° (~43 ppm) and C” (~28
ppm) carbons it is straightforward to ensure that magnetiza-
tion proceeds from C° — N with essentially no backtransfer
to the C” position during heteronuclear polarization transfer.
Finaly, it is worth noting that care has been taken to mini-
mize saturation or dephasing of water magnetization and to
ensure that the water is placed along the +z axisimmediately
prior to detection (19-21). Thisis achieved through the use
of water-selective pulses. In addition, in scheme (2A) the
proton pulse of phase (—x) applied immediately prior to the
FLOPSY mixing places the water magnetization along the
+z axis at this point. The action of the gradients g4 and g5
which follow in the pulse sequence will therefore not de-
phase the water signal.

In scheme (2B), the effect of the *H 905 pulse applied
before the FLOPSY period is to ensure that for both cosine
and sine t; modulated components of the magnetization the
water is in the same position immediately prior to carbon
mixing. Note that water magnetization resides in the trans-
verse plane after this pulse, and the long transfer times that
follow (~10—20 ms and ~75 ms for the homo- and hetero-
TOCSY mixing schemes, respectively) alow radiation
damping to return the magnetization to the +z axis prior to
the application of further proton pulses. In this way, the
position of the water signal at the start of acquisition is
independent of the phase of proton pulses, and water magne-
tization is preserved with the same intensity for both x and
y components of the signal. This has been discussed in detail
previously (13).

Figure 3 illustrates the quality of the data obtained from
the pulse schemes presented with strip plots from Arg—
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FIG. 4. Strip plots of Arg—(H)C(C)TOCSY -N*H* (A) and Arg—
H(CC)TOCSY —N‘H* (B) spectra recorded on a 2.9 mM sample of an
N, *C peptide (24 amino acids) from the bacteriophage X N protein in
1:1 complex with boxB RNA (19 nucleotides) (8). Sample conditions were
25°C, 25 mM d,-succinate, 100 mM NaCl, 0.2 mM EDTA, 0.05 mM NaNs,
pH 5.5, 90% H,0O, 10% D,0O. Spectra were recorded as described in the
legend of Fig. 3. A homonuclear transfer time of 14.8 ms was employed,
while the **C? — N transfer was allowed to proceed for 74.6 ms. Signals
from ~1% unbound peptide are indicated with *.

(H)C(C)TOCSY —N‘H* and Arg—H(CC)TOCSY —N“H*
spectra recorded on the Rev—RRE complex. In general, the
Arg—(H)C(C)TOCSY —N ‘H* experiment is more sensitive
than its counterpart which records *H evolution during t,,
since, for nondegenerate methylene groups, the proton signal
issplitin two. In practical terms, we have found a combina-
tion of Arg—(H)C(C)TOCSY —N“H* and (H) C(CO)NH—
TOCSY experiments (14-16) to be extremely useful in
establishing the sequential assignments of arginine H¢
through a comparison of side-chain-carbon chemical shifts
provided in both experiments. It is of interest to note that
of the three weakest sets of correlationsin Fig. 3 (Arg 39,
43, and 44) both Arg 39 and 44 make contacts with basesin
the major groove of the RNA, while Arg 43 makes multiple
contacts with both sugar and phosphate groups of G71 and
U72 on the RNA (4). Relaxation studies of Arg—N¢ nitro-
gens indicate that these three arginines have significantly
larger order parameters than their counterparts.
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Analogous plots of spectrarecorded on a2.9 mM sample
of an N, *C peptide (24 amino acids) from the amino
terminus of bacteriophage A N protein in 1:1 complex with
boxB RNA (19 nucleotides) (8) are shown in Fig. 4. Com-
plete sequential assignments of arginine H' s have been ob-
tained, and we are now in the process of determining athree-
dimensional structure of the complex.

In summary, pulse schemes have been presented for the
sequentia assignment of arginine H¢ spins. The experiments
have been applied to two RNA —peptide complexes under
study in our laboratories. The combination of these experi-
ments and existing sequences for correlating side-chain-car-
bon and backbone-amide shifts has facilitated assignment of
H¢ spins in molecular complexes containing large numbers
of arginines and where assignment of these residuesis abso-
lutely crucia for accurate structure determinations.
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