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Plant glycine-rich RNA-binding proteins (GRRBPs) contain a glycine-rich region at
the C-terminus whose structure is quite unknown. The C-terminal glycine-rich part
is interposed with arginine and tyrosine (arginine/glycine/tyrosine (RGY)-rich
domain). Comparative sequence analysis of forty-one GRRBPs revealed that the RGY-
rich domain contains multiple repeats of Tyr-(Xaa),-(Arg),-Xaa),, where Xaa is
mainly Gly, “k” is 1 or 2, and “h” and “1” range from 0 to 10. Two peptides, 1
(GIG2Y3G*GSGSR'REDG1Y) and 2 (GIGZRP*RD’GGYEG?G1?), corresponding to sections
of the RGY-rich domain in Zea mays RAB15, were selected for CD and NMR experi-
ments. The CD spectra indicate a unique, positive band near 228 nm in both peptides
that has been ascribed to tyrosine residues in ordered structures. The pH titration by
NMR revealed that a side chain-side chain interaction, presumably an H-N&.-O=CY
hydrogen bonding interaction in the salt bridge, occurs between Arg (i) and Asp (i +
2). 1D GOESY experiments indicated the presence of NOE between the aromatic side
chain proton and the arginine side chain proton in the two peptides suggesting
strongly that the Arg (i) aromatic side chain interacts directly with the Tyr (i t4ori+
5) side chain.

Key words: glycine-rich RNA binding protein, arginine/glycine/tyrosine-rich domain,
arginine-tyrosine side chain interactions, arginine-aspartic acid side chain interac-
tions.

Abbreviations: GRRBP, glycine-rich RNA-binding protein; RGY-rich domain, arginine-, glycine-, and tyrosine-rich
domain; RRM, RNA recognition motif; ZmRAB15, RAB15 from Zea mays; GOESY, Gradient enhanced NOE spec-

troscopy; GROESY, Gradient enhanced ROESY.

Plant glycine-rich RNA binding proteins (GRRBPs) are
small, approximately 15-17 kDa, and comprise two very
diverse and characteristic regions (Fig. 1a) (I, 2). The
RNA recognition motif (RRM) of ~90 amino acids occu-
pies the N-terminal part of the protein and is highly
homologous among different proteins. The C-terminal
part is highly variable in length (~20 to ~80 amino acids)
and is extremely rich in glycine residues interposed with
arginine and tyrosine; we term this region the arginine/
glycine/tyrosine (RGY)-rich domain (Fig. 1b). The RGY-
rich domain contains repeats of the RGG-box, which has
been identified as an RNA-binding motif in other proteins
(3). This protein family has been extended to include rep-
resentatives from mammals and cyanobacteria (4-6).
Their function remains unknown, although the finding
that maize and tobacco proteins accumulate in the nucle-
olus suggests a role in pre-rRNA processing (7, 8).

The three-dimensional structure of the RRM domain
within the U1A protein has been determined, revealing a
B101BeBs0sB, folding topology (9). In contrast, the struc-
ture of the C-terminal RGY-rich domain is quite un-
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known. The RGY-rich domain is characterized by quasi-
repetitive amino acid sequences configured in tandem, as
described later herein (Fig. 1b). The RGY-rich domain is
highly flexible because of the numerous glycines. The
high flexibility and repetitiveness in the RGY-rich do-
main appear to contribute to the difficulty in determining
the three-dimensional structure by conventional NMR
and X-ray analyses.

Repetitive RGY-rich domains occur widely in many
proteins. They are present in the prions that are respon-
sible for the transmissible spongiform encephalopathies
(10). The RGY-rich domain in prions consists of four tan-
dem repeats of PHGGGWGQ. NMR experiments
revealed that the PHGGGWGQ segment adopts a loop
conformation with histidine () and tryptophan (i + 4) in
close proximity (11, 12). A cation-n interaction appears to
occur between histidine and tryptophan. Thus, aromatic
side chain interactions that may form a loop conforma-
tion are expected to occur in RGY-rich domains.

The purpose of the present study is to investigate the
structure of the C-terminal RGY-rich domains within
GRRBPs. First, comparative sequence analysis was per-
formed on the quasi-repetitive RGY-rich domains in
forty-one plant GRRBPs. The results were also utilized to
select peptide sequences to be used in CD and NMR
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Fig. 1. Schematic diagram of glycine-rich RNA-binding
protein (GRRBP) (a) and multiple alignment of the amino
acid sequences of nine representative proteins: ZmRAB15,
CrGRP-2, CrGRP-1, SbGRP, StGRP, ScGRP-1, NgGRP, DcGRP,
and NsGRP-1b (b). The amino acid sequences of these GRRBPs
were taken from sequence data banks (SWISS-PROT, PRF, PIR
or Genbank): ZmRAB15(P10979), CrGRP-2(AF200323), CrGRP-
1(AF200321), SbGRP(AF310215) StGRP(Z49197), DcGRP(Q03878),
ScGRP-1(T10479), NgGRP(2415521A) and NsGRP-1b(D16205). The

experiments. Secondly, these experiments were per-
formed on two short peptides corresponding to sections of
the RGY-rich domain within GRRBPs. NOE signals were
obtained in a GOESY experiment that detects small sig-
nals of interest (13). We identified side chain—side chain
interactions between Arg (i) and Asp (i + 2), and between
Arg i)and Tyr i +4 ori + 5).

MATERIALS AND METHODS

Amino Acid Sequence—The amino acid sequences of
multiple alignments of RGY-rich domains were extracted
from forty-one GRRBPs from twenty-four plant pecies:
GRP-7 and GRP-8 from Arabidopsis thaliana; GRP-10
from Brassica napus; GRP-1, GRP-2 and GRP-3 from
Catharanthus roseus; GRP from Citrus unshiu; GRP
from Daucus carota; two GRPs from Euphorbia esula;
GRP from Glycine max; two GRPs from Hordeum vul-
gare; GRP from Lycopersicon esculentum; GRP-1 from
Medicago sativa; GRP from Nicotiana glutinosa; GRP-1a,
GRP-1b, and GRP-1c from Nicotiana sylvestris; GRP-1
and GRP-2 from Oryza sativa; GRP from Picea glauca;
GRP-1 from Pelargonium x hortorum; GRP1 from Phys-
comitrella patens, GRP-1 and GRP-2 from Ricinus com-
munis; GRP from Rumex obtusifolius; GRP1A and
GRP2A from Sinapis alba; GRP, GRP-1 and GRP-2 from
Sorghum bicolar; GRP-S1 and GRP-S2 from Sorghum
vulgare; GRP-1 from Solanum commersonii; GRP from
Solanum tuberosum; GRP-1 from Triticum aestivum; and
RAB15 and three GRPs from Zea mays.

Peptides Samples—We designed the following four pep-
tides; 1, H-GIG2Y3G*GSGSR'R8D?G1-OH; 2, H-G!G?R3R*
DSGSGTYSGGY-OH; 3, H-GIG2F3GAG>GSR'R®DG10-OH; 4,
H-GIGZR3R!D°GSG'F8G°G10-OH. The four peptides were
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quasi-repetitive, arginine/glycine/tyrosine
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quasi-repetitive, arginine-, glycine-, and tyrosine-rich domain (RGY-
rich domain) is solid, while the RNA recognition motif (RRM) is
hatched. The amino acid sequences of the multiple alignments are
indicated only for the RGY-rich domain. The sequence RR(E/D) in
the RGY-rich domains is shaded and aromatic residues Tyr or Phe,
Trp are indicated by bold type. Abbreviations: species: Cr, Catharan-
thus roseus; Dc, Daucus carota; Ng, Nicotiana glutinosa; Ns, Nico-
tiana sylvestris; Sb, Sorghum bicolar; Sc, Solanum commersonii;
Zm, Zea mays.

purchased from SIGMA Genosys Japan K.K. (Ishikari,
Japan). All peptides were chemically synthesized using
solid-phase Fmoc chemistry on an Applied Biosystems
Japan Ltd. Pioneer peptide synthesizer. Synthetic pep-
tides were purified by reverse-phase HPLC using a
TSKgel ODS-80Ts column (Tosoh Coop., Japan).

Circular Dichroism (CD)—CD spectra were recorded
on a JASCO J-725 spectropolarimeter (Jasco, Japan) at
peptide concentrations of 0.21-0.36 mM, pH 4.3—4.4 and
pH 6.1-6.3, and 278K. Typically a cell with a 0.2 cm path-
length was used to obtain spectra between 190 and 260
nm with sampling points every 0.5 nm. Direct CD meas-
urements (0, in mdeg) were converted to molar ellipicity,
[0] using the relationship [0] = 6/cl, where c is the concen-
tration and / is the pathlength. Molar ellipticity [0] is in
units deg cm? dmol-1.

NMR Experiments—All NMR spectra were measured
on JEOL ALPHA 500 spectrometers. For the measure-
ments, the peptides were dissolved in H,O/D,O (90%/
10%) or D,0O (99.96%). The pH values were adjusted to
4.3 for H,0O with acetic acid-d, and KOD and the pD val-
ues were adjusted to 4.3 and 6.2 for D,O. Peptide concen-
trations were approximately 12.0 mM. 'H-NMR spectra
for 12 mM 1 and 2, pH 4.3, 278 K were compared with
those for a sufficiently diluted solution of 0.3 mM with no
significant difference observed. DSS was added to the
solutions as an internal reference (0.0 ppm).

Averaged diffusion coefficients of the six 12 mM solu-
tions at pH 4.3 for peptides 1, 2, 3, and 4 and pH 6.2 for
peptides 1 and 2 were determined by the stimulated echo
method (14) at 278K. The diffusion coefficients of the 12
mM peptide solutions were also determined as a function
of diffusion time ranging from 11 ms to 176 ms. The
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results of the two experiments were used to exclude the
possibility of intermolecular NOEs, as discussed later.

Sequence specific assignments of proton resonances for
1 and 2 were obtained by 2D NOESY (mixing time = 100,
175, 250 ms) (15, 16), TOCSY (mixing time = 100 ms) (17),
ROESY (mixing time = 250 ms) (18), and DQF-COSY (19)
experiments at 278 K. The 2D NMR spectra were meas-
ured in the phase-sensitive mode using TPPI-State for
quadrature detection in f;. The water signal was sup-
pressed by presaturation or by the WATERGATE method
in TOCSY and NOESY (20), and by coherence selection
with pulsed field gradients in DQF-COSY experiments.
Temperature coefficients of the chemical shifts of amide
proton resonances were estimated from the 2D TOCSY
spectra obtained at 278 K and 303 K. The 3Jyycoy cou-
pling constants were derived from the absorptive and dis-
persive components of f, active splitting of the DQF-
COSY spectra (f, digital resolution: 0.82 Hz) at 278K,
which effectively eliminates errors due to linewidth (21).

The measurements of GOESY (mixing time = 100, 175,
250 ms) incorporating selective refocusing and pulsed
field gradient enhancement (13) and GROESY (mixing
time = 250 ms) (22), which facilitate the detection of
small NOE signals of interest, were performed for 1 and
2 in D,0 solution. The C®H and C*H protons of the Tyr
side chain were selected as target protons. The use of D,O
can eliminate the signals of exchangeable protons whose
chemical shifts are close to those of the C°H and C#H pro-
tons. A RE-BURP pulse of 80 ms duration (23) was used
as a selective refocusing n pulse. For 3 and 4, GROESY
measurements (mixing time = 250 ms) were performed
using a RE-BURP pulse of 16.3 ms duration. The carrier
frequency of these pulses was positioned at the center of
the aromatic signal region. The number of scans for all of
the GOESY and GROESY measurements was 47,104.

The H chemical shifts of arginine and aspartic acid
were measured as a function of pH. The chemical shifts of
Arg N°H were determined in 90% H,0/10% D,0O at 278 K,
and those of Asp C*H were determined in 100% D,O at
278 K (not deuterium corrected).

RESULTS

Sequence Analysis of the RGY-Rich Domains—Multi-
ple alignments between RGY-rich domains were per-
formed by a key residue of the aromatic amino acids (Fig.
1b). This analysis revealed that the RGY-rich domains
with a large variety in length are represented by tandem
repeats consisting of Tyr-(Xaa),-(Arg),-(Xaa); or Tyr-
(Xaa),, containing no Arg residues, where Tyr is some-
times replaced by Phe or Trp, Xaa is mainly Gly but
includes polar residues such as Glu, Asp, Asn, Ser, Ala,
Gln, and rarely other residues, and where “k” is 1 or 2,
and “h” or “1” and “m” are highly variable, ranging from 1
to 10, and 2 to 8, respectively.

The segments of Tyr-(Xaa),-(Arg),-(Xaa), are frequent-
ly described by Tyr-(Gly),-Arg-Arg-Asp/Glu-(Gly),. They
include characteristic sequences such as YGG(R/Q)RE,
YGGGRR(E/D), YGGGGRRE, RR(E/D/N)GGY, RREGG-
GY, RREGGGGY, RREGGGGGY, and RREGGGGGGY.
In particular, YGGGRR(E/D) and RR(E/D/N)GGY appear
with the highest frequency. Thus, for the first NMR study
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Fig. 2. CD spectra of 1 (H-G!G2Y3GAGSGSR'R!D?G’-OH) (a) and
2 (H-GIG?R3R*D*°GSGY,GIGI-OH) (b). (a) 0.21 mM at 298K (no
buffer); (b) 0.36 mM at 298K (no buffer). open circles, at pH.4.1 for 1
and pH 4.3 for 2; solid circles, at pH 6.1 for 1 and pH 6.3 for 2.

of the RGY-rich domains we selected two segments con-
taining RRDGGY or YGGGRRD. The two segments are 1
(H-GIG2Y3GAGSGPR'RED?G10-OH) and 2 (H-G!G2R3R*D5GS
G'YSG?G!-OH) corresponding to 103—112 and 107-116,
respectively, of Z. mays RAB15, which contains 157 ami-
no acids (Fig. 1b) (24). These two segments are also seen
in C. roseus GRP2 and GRP3 (25).

CD Spectra—The far UV-CD spectra of peptides 1 and
2 are shown in Fig. 2. The main feature is a fairly intense
peak near 228 nm in both peptides and a peak near 215
nm in 2. Although a 229-nm extremum is not usually
observed, bands near 230 nm have been observed in the
spectra of some proteins, including the phage fd gene 5
protein (Ffgbp) (26-29). The origin of these bands has
been attributed to aromatic groups. For Ffg5p, the large
band has been confirmed to be due primarily to the L,
bands of the five tyrosyl residues (28). Thus, the 228-nm
CD bands observed here are attributed to the tyrosine
residues in ordered structures (Tyr3 in 1 and Tyr8 in 2).

NMR Resonance Assignments—The sequential spec-
tral assignments for the two peptides, 1 and 2, were com-
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Fig. 3. Aliphatic to the backbone amide regions and the side
chain amino region of the arginine of the 2D-TOCSY spectra
of two peptides, 1 (H-GIG2Y3GAG5GRR!D?G!1?-OH) (a) and 2
(H-G'G2R3RD5GG'YSG*G10-OH) (b).

pleted by TOCSY and NOESY experiments in H,0/D,0
(90%/10%), at 278K, pH 4.3 (Figs. 3 and 4, and Table 1).
Minor components are not observed in the NMR spectra.

Nuclear Overhauser Effect (NOE) Connectivities between
Arg and Tyr—Figure 5 shows the 1D NOE spectra for 1
and 2 in D,O solution at 278K, pD 4.3 which were
obtained by GOESY with selective refocusing of the C:H
and C%H protons of Tyr side chain (mixing time, 175 ms).
As expected, medium-range NOE connectivities were
detected: NOE between the Tyr3 C:H proton and the C’H
proton of Arg7 and/or Arg8 [ded (Tyr3, Arg7/8) for
abbreviation] and dea (Tyr3, Arg7/8) for 1 and dds (Arg3/
4, Tyr8), dea (Tyr8, Glyl0) and dda (Tyr8, Gly10) for 2.
The other NOEs observed by GOESY are described in
Fig. 5. The corresponding NOEs were also observed at pD
6.3.

All NOEs obtained by the 1D GOESY experiment were
confirmed by 1D GROESY (22). The NOEs between the
arginine side chain and the aromatic side chain observed
for 1 and 2 were also observed for 3 and 4, which are
characterized by the Tyr to Phe substitution in 1 and 2
(data not shown). Thus, the present NOE data for the
four peptides demonstrate that the side chain of Arg (7) is
in close proximity with the aromatic side chain of Tyr/
Phe i +4 ori+5).

Chemical Shifts of Arg Residues—The chemical shift
of the N*H proton of Arg7 clearly differs from the signal of

Y. Kumaki et al.
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Fig. 4. Finger-print regions of the 2D-NOESY spectra of 1 (H-
GIG?Y]GAGSGSR'R!D?G10-OH) (a) and 2 (H-G!GZR*R*‘D*GSGY?
G°G1-0OH) (b).

Arg8in 1 (Fig. 6). Similarly, in 2 the N*H proton signal of
Arg3 clearly differs from that of Arg4.

Merutka et al. (30) have reported proton chemical
shifts of a series of disordered linear peptides (H-
G!GZX3G*G5-OH, with X being one of the 20 naturally
occurring amino acids). The chemical shifts were
obtained in 90% H,0/10% D,0O at 277.2K, pH 5.0, which
is close to the conditions used in this study. Therefore, the
chemical shift of the Arg residue in the linear pentapep-
tide was compared with those of the two Arg residues in 1
and 2. As shown in Fig. 3, the signals of the N¢H proton of
Arg7 but not Arg8 in 1 occur approximately 0.11 ppm
downfield from those of the Arg3 residue in the GGRGG
segment (30). Similarly, the signals of the N¢H proton of
Arg3 but not Arg4 in 2 occur approximately 0.15 ppm
downfield from those of the Arg residue in the GGRGG
segment (Fig. 5) (30).

The signals of the amide proton (NH) of Arg7 in 1 and
of Arg3 in 2 occur approximately 0.37 ppm and 0.14 ppm
upfield, respectively, from those of the Arg residue in the
GGRGG segment (Fig. 6) (30).

Temperature Coefficients and Chemical Shifts of Amide
Proton Resonances of Gly5 in 1 and Gly10 in 2—The ex-
tent to which an amide proton either participates in hy-
drogen bonding or is exposed to solvent is reflected in the
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Table 1. 'TH-NMR chemical shifts, vicinal coupling constants, and temperature coefficients of amide

proton chemical shifts for two peptides (1 and 2).

Residue N o Ccﬁllfmwal Shng o GHNE Jwmcosd AT
1 (H-G!G2Y*G*G5GSRTR®D*G10-OH)
Glyl 3.86
Gly2 8.61 3.97 5.49
Tyr3 8.55 459 2.98/3.05 7.14 6.84 7.8 571
Gly4 8.65 3.92 7.77
Gly5 7.95 3.94 2.00
Gly6 8.42 3.97 5.54
Arg7 8.32 433 1.77/1.85 1.61 3.18 7.37 7.8 6.29
Arg8 8.71 435 1.75/1.86 1.61 3.17 7.21 6.5 7.54
Asp9 8.56 4.69 2.68/2.76 7.7 8.46
Gly10 8.05 3.77 6.46
2 (H-GIG?RPR4DSGSGTYSGG1-OH)
Glyl 3.89
Gly2 8.67 4.03 463
Arg3 8.55 431 1.75/1.83 1.62 3.17 7.41 6.4 7.32
Argd 8.75 4.36 1.77/1.85 1.61 3.17 7.22 6.4 7.49
Asp5 8.52 463 2.75 7.3 6.28
Gly6 8.51 3.93/3.98 6.80
Gly7 8.35 3.90 4.80
Tyr8 8.29 455 2.98/3.06 7.15 6.84 7.3 7.09
Gly9 8.56 3.90 6.84
Gly10 7.69 3.76 3.54

aChemical shifts for each amino acid at 278 K. Chemical shifts are reported in parts per million. " 3Jyyqoy is three-
bond scalar coupling between the backbone amide proton and the o proton. Jyycoy is reported in Hz. ¢AS/AT is the
temperature coefficient of the amide proton chemical shifts. Coefficients measured between 278 and 298K are

included (ppb/K).

temperature coefficient of the amide proton chemical
shift (-A8/AT). An amide proton showing —AS/AT below
5.0 ppb/K is sequestrated significantly from water, a
state that is not consistent with an unordered structure
in which amide protons are completely exposed to water.

Peptides 1 and 2 have the GGYGG segment at the N-
terminus and C-terminus, respectively. The Gly residues,
Gly5 in 1 and Gly10 in 2, that are located at the i+2 posi-
tion when tyrosine occupies the i position, show a
remarkable reduction in amide proton temperature coef-
ficients (Table 1). Gly5 in 1 and Gly10 in 2 also show sig-
nificant deviations in their NH chemical shifts (Table 1).
These results are consistent with those for Gly5 in H-
G!GZX3G*G>-OH containing the aromatic residues Tyr,
Phe, and Trp (30).

pH Titration of Arg and Asp Residues by NMR—Fig.
7a shows the chemical shifts versus pH of the N¢H
protons of Arg7 and Arg8 and the C*H proton of Asp9 in
1. Similarly, the pH titration of the protons of Arg3, Arg4
and Asp 5 in 2 is shown in Fig. 7b. Surprisingly, the N*H
proton resonances of Arg7 in 1 and Arg3 in 2 shift largely
upfield with decreasing pH in a sigmoidal fashion and
then reach the chemical shifts of a random coil below
about pH 3, while those of Arg8 N°*H in 1 and Arg4 N°H in
2 hardly change (Fig. 7a). In 1, the midpoint of the sig-
moid for Arg7 Ne¢H (3.7) is consistent with 3.8 for Asp9
C“H. The same result was also obtained for Arg3 N°*H and
Asp5 C*H in 2 (Fig. 7b). The observed midpoints for Asp9
in 1 and Aspb in 2 correspond to the pK, value for ioniza-
tion of the side chain of aspartic acid. Thus, it is con-
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cluded that the side chain-side chain interaction occurs
between Arg (i) and Asp (I + 2) in both peptides.

DISCUSSION

Intramolecular and Intermolecular Interactions—The
NMR data including the NOEs were obtained for 12 mM
peptide solutions. The observed side chain-side chain
interactions, such as Arg-Asp and Tyr-Arg interactions,
may be intermolecular interactions. However, the possi-
bility is very low based on the following observations: (1)
the far-UV CD spectra were observed in very dilute solu-
tions; (2) average diffusion coefficients of the 12 mM pep-
tide solutions (1.51 + 0.05 x 101° m? s71) were close to
1.59 x 10710 m? 57! of the 0.3 mM peptide solution at pH
4.3 for 1; (3) the NMR spectra showed no minor compo-
nents (Figs. 3-5); and (4) the diffusion coefficients of the
12 mM solutions were independent of diffusion time.

The unusual, positive 228 nm extremum in the CD
spectra indicates that the tyrosine residues in 1 and 2
participate in ordered structures even in dilute solutions.
The results (2) indicate that the monomer is dominant in
12 mM solution. Even if dimers exist, the population will
be small. Results (3) and (4) indicate that even if a small
population of dimers exists, the exchange rate between
dimers and monomers is too fast to exhibit intermolecu-
lar cross relaxation. Moreover, it has been reported that
intermolecular interactions occur between Ac-KKKKK-
NH, and Ac-DDXDD-NH,, in which X is Tyr and Phe
(31). Despite the order of 103 M for the association con-
stants, NOEs between intermolecular residues have not
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Fig. 5. The 1D GOESY spectra of 1 (H-G!G2Y3G*G°G*R"RSDG0-
OH) (a) and 2 (H- GIG?R’R‘D°G*G'YSG?G1-OH) (b). The top and
bottom of the figure show the 1D GOESY spectra that are expan-
sions of the region enclosed by the rectangle. The GOESY spectra
were measured at 278 K using a 175ms mixing time in D,O solution
at 278 K, pD 4.3. Arg” indicates Arg7 and/or Arg8 in 1 and Arg3 and/
or Arg4 in 2, and Gly" indicate Gly2, Gly5, and/or Gly6 in 1 and Gly1,

been observed (31). This strongly suggests that the Arg-
Tyr interactions are intramolecular interactions,
although the possibility of intermolecular interactions is
not rigorously excluded.

The medium-range NOEs coming from the Arg-Tyr
side chain interactions were not observed by 2D NOESY.
The upfield shifts of Arg side chain protons, which are
expected in Arg-Tyr interactions due to cation-rn interac-
tions (31), were also not observed. Thus, the population of
folded molecules having Arg-Tyr interactions and Arg-
Asp interactions is considered to be low.

Side Chain—Side Chain Interactions between Arg and
Asp—The pH titration by NMR revealed that side chain—
side chain interactions occur between Arg (i) and Asp (@ +
2) at pH 4.3-4.4. The interaction is presumably the H-
Ne---O=C" hydrogen bonding interaction in the Arg (i)-Asp
(i + 2) salt bridge. Hydrogen bond formation induces a
downfield shift of the N¢H proton of arginine (32). In fact,
such downfield shifts were observed for Arg7 in 1 and for
Arg 3in 2 (Fig. 6).

Interestingly, IDITIS™ data analyses have revealed
that, in several intramolecular contacts, the interacting
aspartate and arginine residues are very close in the
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Gly6, Gly7, and/or Gly9 in 2 whose spectra show overlapping reso-
nances. The following NOEs are detected in the figure: for 1, ded
(Tyr3, Arg"), dea (Tyr3, Arg"), dea (Tyr3, Gly"), dda (Tyr3, Gly"),
dea(Tyr3, Gly4), dae (Tyr3, Tyr3), and dBe (Tyr3, Tyr3), and, for 2,
dde (Arg®, Tyr8), dea (Tyr8, Glyl0), dea (Tyr8, Gly"), dae (Tyr3,
Tyr3), and dBe (Tyr3, Tyr3).

sequence and frequently have an i — i + 2 relationship
(33). This relationship is consistent with the Arg-Arg-Asp
segment in 1 and 2.

0.2
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Fig. 6. Deviations of the side-chain chemical shifts of Arg7
and Arg8 in 1 (H-G!G?Y3G*G5GSR'R®D?G-OH) and Arg3 and
Arg4 in 2 (H-GIG?2R3R*D5G¢G7YSG°G1°-OH) from those of the
GGRGG segment (25). The chemical shifts for 1 and 2 were ob-
tained in 90% H,0/10% D,0 at 278 K, pH 4.3, and for the GGRGG
segment in 90% H,0/10% D,0 at 277.2 K, pH 5.0. open circles, Arg7
in 1; solid circles, Arg8 in 1; open squares, Arg3 in 2; solid squares,
Arg4 in 2.
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Fig. 7. Plots of the 'H chemical shifts of arginine and aspartic
acid versus pH. (a) Arg7 N°H (open circles) , Arg8 N¢H (solid circles)
and Asp9 C°H (open squares) in 1 (H-GIG*Y3G*GSGSR'R8DG10-
OH). (b) Arg3 N¢H (open circles), Arg4 N¢H (solic circles) and Asp5
C*H (open squares) in 2 (H-GIGZR*R‘D’°GSG7Y3GG!-OH). The
chemical shifts of Arg N*H were determined in 90% H,0/10% D,0 at
278 K, and those of Asp C*H were determined in 100% D,0 at 278K
(not deuterium corrected).

Side Chain—Side Chain Interactions between Arg and
Tyr—The NOE data indicated that the side chain-side
chain interactions between Arg and Tyr are interrupted
by 3 to 4 glycine residues. Aromatic side chains are
known to participate in a variety of relatively strong and
weak interactions including aromatic-aromatic interac-
tions (34-39), cation-n interactions (40—42), and amino-
aromatic interactions (43—46). Cation-r interactions have
been observed for short peptides such as P!PZK3Y*D5K®
(47) and K!C2K3K4K5GSD'DSFOCODM (31) in NMR experi-
ments. Since the arginine residues were positively
charged under the experimental conditions used, the
observed Arg-Tyr side chain interactions are ascribed to
cation-m interactions.

Interaction between the Aromatic Side Chain Proton
and Backbone Amide Proton—Gly5 of 1 and Glyl10 of 2
showed a remarkable reduction in their NH proton tem-
perature coefficients. Glyl0 of 2 and Gly5 of 1 showed
deviations in the NH chemical shift (Table 1) that concur
well with those for Gly5 of GI1G2X3G*G® and for Gly3 of
X1A2G3 containing the aromatic residues Tyr, Phe, and
Trp (30, 48, 49). These observations are ascribed to aro-
matic () —backbone NH (i + 2) interactions (48).

It is concluded that, in addition to cation-n interac-
tions (37-39), amino-aromatic interactions (43—46) ap-
pear to contribute to the formation of Arg-Tyr side chain
interactions.

Vol. 136, No. 1, 2004

(a)

(b)

Fig. 8. Plausible structures of 1 (H-G!G2Y3G*G5G*R"R¢D?G10-
OH) (a) and 2 (H-G'G2R3RD5GSG'YSG?G10-OH) (b). Blue shows
the backbone chain represented by the ribbon. Red/cyan, green and
light blue show the side chains of Arg, Tyr and Asp, respectively.

Loop Search by the PDB File—The side chain-side
chain interactions between Arg and Tyr suggest that the
two peptides, 1 and 2, can adopt a loop conformation, as
seen for PHGGGWGQ in prions (11, 12). The common
feature among these peptide sequences is the presence of
an aromatic residue and a positively charged residue sep-
arated by an intervening glycine-rich region. A loop,
which is characterized by an aromatic side chain and a
positively charged side chain in close proximity, is
expected to be present in the known structures of
proteins. We searched for this loop using the peptide
sequences (Y/F/W)GGx(R/K) and (R/K)xxGG(Y/F/W)
(where “x” is any amino acid) by PDB (http:/www.cbre.jp/
papia/papiad.html). Loops were found in five proteins
with segments consisting of KKNGGY (1g8m), KVDGGY
(1dfx), KVSGGY (1pdk and 1gpx), YGGSR (1qgb) and
WGGTK (1lagg).

Plausible models for 1 and 2 based on the observed
NMR data are shown in Fig. 8. The side chain-side chain
interactions between Arg and Asp or Tyr contribute to
the formation of the loop structures in these models.
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Implications for the Function of RGY-Rich Domains—
In the RZ-1 protein, which is a GRRBP, the C-terminal
RGY-rich domain, in addition to the RRM, is essential for
RNA-binding activity (50). Although the RZ-1 RGY-rich
domain shows low similarity to the RAB15 RGY-rich
domain studied here, it appears to be represented by Tyr-
(Xaa),-(Arg),-(Xaa),, as seen in RAB15. Moreover, the
arginine and tyrosine residues in the sex-lethal protein
interact directly with ribonucleic acid of RNA (51). Thus,
it is possible to speculate that the loop structures of the
RAB15 RGY-rich domain contribute to RNA-binding
activity.

CONCLUSION

Sequence analysis of plant GRRBPs revealed that the
RGY-rich domains contain multiple repeats of Tyr-(Xaa),-
(Arg),-(Xaa),, where Xaa is mainly Gly, “k” is 1 or 2, and
“h” and “1” range from 0 to 10. The CD study indicated
that the tyrosine residues in the two peptides, 1 and 2,
are in ordered structures. The NMR study indicated that
side chain-side chain interactions occur between Arg (i)
and Asp (i + 2) and between Arg and Tyr interrupted by 3
to 4 residue glycine-rich regions. We speculate that these
interactions form the loop structures in the RGY-rich
domains.

We thank Masakatsu Kamiya for help with the CD experi-
ment. This work was supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science, Sports
and Culture of Japan (to N.M.).
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