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Summary 

RC-RNase is a pyrimidine-guanine sequence-specific ribonuclease and a sialic-acid-binding lectin 
purified from Rana catesbeiana (bullfrog) oocytes. This 111-amino acid protein exhibits cytotoxicity 
toward several tumor cell lines. In this paper we report the assignments of proton NMR resonances and 
the identification of the secondary structure deduced from NOE constraints, chemical shift index, 3JNH ~ 
and amide proton exchange rates. The protein was directly isolated from bullfrog oocytes; we were able 
to assign all but five of the amino acid backbone protons of the unlabeled protein by analyzing a large 
set of two-dimensional proton NMR spectra obtained at several temperatures and pH conditions. Our 
results indicate that the structure of RC-RNase is dominated by the presence of two triple-stranded anti- 
parallel 13-sheets and three m-helices, similar to those of the pyrimidine family ribonucleases. Two sets 
of resonances were observed for 11 amide protons and 8 c~-protons located in the loop-1 region, an ~2 
helix, and three 13-strands (131,133 and 134), suggesting the presence of nonlocalized multiple conforma- 
tions for RC-RNase. 

Introduction 

RC-RNase is a pyrimidine-guanine sequence-specific 
ribonuclease isolated from Rana catesbeiana (bullfrog) 
oocytes (Liao, 1992). Compared to single-stranded RNA, 
double-stranded RNA is relatively resistant to RC-RNase. 
The activity of RC-RNase in the oocyte has been found 
to be regulated by both inhibitor binding and compart- 
mentation (Liao and Wang, 1994), with 99% of the pro- 
tein found in the yolk granules and the remaining 1% in 
the cytosol (Liao et al., 1996). Partial sequencing of RC- 
RNase indicated that it was highly homologous to SBL- 
C, a sialic-acid-binding lectin isolated from Rana cates- 

beiana oocyte (Kawauchi et al., 1975; Titani et al., 1987). 

SBL-C is known to preferentially agglutinate cells from a 
large variety of human and animal tumor cell lines, but 
not red blood cells, lymphocytes, fibroblasts or neurami- 
dase-treated tumor cells (Sakakibara et al., 1979; Okabe 
et al., 1991; Nitta et al., 1994); it also displays a specific 
binding to sialyl glycoprotein (Sakakibara et al., 1979), 
preferably the clustered sialyl oligosaccharides O-glyco- 
sidically linked to the peptide backbone at the surface of 
tumor cells. It is now known (vide infra), from complete 
sequencing and mass spectrometry, that RC-RNase and 
SBL-C are identical in sequence, and we refer to this pro- 
tein as RC-RNase. Binding of this protein inhibits the 
growth of tumor cells such as P388 and L1210 leukemia 
cells in vitro, and is effective for in vivo killing of Sar- 
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TABLE 1 
~H CHEMICAL SHIFTS FOR RC-RNase a 

Residue Chemical shift (ppm) 

NH C~H Call Cq-I Others 

PE-1 b 3.89 
Asn 2 8.04 4.65 3.31, 3.21 
Trp 3 9.36 5.54 3.17, 3.04 
Ala 4 8.72 3.80 1.40 
Thr 5 8.55 4.00 3.90 1.31 
Phe 6 8.83 4.34 3.62, 3.20 
Gln 7 8.39 3.55 1.30, 1.67 1.85, 1.85 
Gin s 7.41 3.91 2.20, 2.03 2.43, 2.43 
Lys 9 8.22 3.96 1.44, 1.00 0.85, 0.85 
His I~ 7.90 4.65 2.75, 2.19 
Ile 11 8.50 5.02 2.03 1.72, 1.13 
Ile 12 8.72 4.81 1.83 1.35, 1.35 
Asn 13 8.19 4.90 2.88, 2.88 
Thr 14 7.14 4.84 4.17 1.11 
Pro ~5 4.35 1.73, 1.73 2.37, 2.05 
Ile ~6 7.70 4.01 1.76 1.32, 1.03 
lie t7 7.72 (7.74) 4.13 1.42 
Asn ~s 8.26 4.88 3.07, 2.62 
Cys 19 9.51 4.06 2.81, 2.43 
Asn 2~ 8.19 4.48 2.98, 2.98 
Thr 21 7.39 4.30 4.18 1.23 
lie 2z 7.96 (7,99) 3.99 1.53 
Met 23 7.19 4.56 1.39, 0.51 2.17, 1.70 
Asp 24 7.16 4.94 3.12, 2.63 
Asn 25 8.03 4.69 2.85, 2.66 
Asn 26 8.94 4.36 2.87, 2.82 
Ile 27 8.15 4.04 1.53 
Tyr 2s 7.80 4.76 3.51, 3.13 
Ile 29 7.35 4.51 2.14 
Val 3~ 8.53 4.40 2.04 1.01, 1.01 
Gly 31 9.36 3.93, 3.93 
Gly 32 8.34 4.20, 3.56 
Gin 33 7.64 4.85 2.09, 1.97 2.35, 2.35 
Cys 3a 8.43 3.83 2.40, 1.08 
Lys 35 8.38 4.25 1.66, 1.66 1.00, 1.00 
Arg 36 9.02 3.87 2.08, 1.90 1.79, 1.65 
Wa137 7.71 (7.65) 5.41 (5.34) 2.01 0.96, 0.91 
Asn 3s 8.41 4.84 2.21, 1.92 
Thr 39 8.80 4.46 4.41 0.81 
Phe 4~ 9.38 4.77 3.07, 2.71 
Ile 41 9.36 4.32 1.74 0.78, 0.78 
Ile 42 8.68 (8.66) 4.89 (4.87) 1.96 1.27, 1.27 
Ser 43 8.10 4.65 4.23, 3.26 
Ser 44 8.41 4.73 4.27, 4.10 
Ala 45 9.34 4.32 1.77 
Thr 46 8.28 4.01 4.24 1.38 
Thr a7 7.47 4.08 4.41 1.42 
Wa148 7.47 3.83 2.40 1.09, 1.06 
Lys 49 8.56 3.07 1.80, 1.68 1.03, 0.60 
Ala 5~ 7.28 4.05 1.54 
lie sl 7.68 3.77 1.70 1.00, 1.00 
Cys 52 7.27 4.72 2.85, 2.01 
Thr s3 7.34 3.75 4.01 1.20 
Gly 54 9.24 4.08, 3.54 
Va155 8.05 4.04 1.87 0.79, 0.79 
Ile 56 8.14 3.85 1.97 1.47, 1.47 
Asn 57 8.49 5.30 2.88, 2.83 
Met 5s 8.15 4.50 2.55, 2.55 2.71, 1.71 
Asn 59 8.51 5.52 2.68, 2.37 

NSH2 7.82, 7.12 
N~H 10.41; 2H 7.14; 4H 8.42; 5H 6.87; 6H 7.37; 7H 7.46 

C2.6H 7.20; C3,5H 7.01; C4H 6.83 

N~H2 7.28, 6.64 
C~H2 1.37, 1.37; C~H: 2.02, 2.02 
C~tH 8.52; C~2H 6.59 
Cq-I 3 0.95; C8H3 0.95 
CvI-I3 0.86; CSH3 0.86 
N~H2 7.32, 6.76 

C8H2 3.72, 3.58 
Cq-I 3 0.71; C8H3 0.62 
CVI-I3 0.71; C8H3 0.49 
NSH2 7.54, 7.04 

N~H2 7.40, 6.90 

0.64 

N~H2 8.15, 6.85 
N~H2 7.45, 6.81 
Cq-I 3 0.55; C5H3 0.28 
C2,6H 6.96; C3,5H 6.54 
0.69 

N~H2 7.50, 6.80 

C~H2 1.14, 1.14 
C~H2 3.38, 3.23; N~H 7.37 

NSH: 7.87, 7.31 

C2,6H 7.08; C3.5H 6.93; C4H 7.03 
CVH3 0.70; C~H3 0.58 
Cq-t 3 0.74; C~H3 0.62 

CSH2 1.32, 1.32; C~H2 2.59, 2.28 

Crl-I3 0.78; CSH3 0.78 

Cq-I 3 0.98; C8H3 0.77 
N~H2 7.46, 6.77 

NSH2 7.41, 6.44 
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Residue Chemical shift (ppm) 

NH Call C~H CrI-I Others 

Val 6~ 9.13 4.20 
Leu 6t 8.20 4.83 
Ser 62 9.69 4.47 
Thr 63 7.52 4.60 
Thr 64 8.81 4.34 
Arg 65 8.41 3.71 
Phe 66 8.54 (8.57) 4.54 (4.57) 
Gln 67 9.20 (9.34) 4.57 (4.51) 
Leu 68 8.96 (8.99) 5.58 (5.57) 
Asn 69 9.00 (8.96) 5.23 (5.18) 
Thr TM 9.16 4.98 
Cys 71 8.80 5.76 
Thr 72 9.27 5.12 
Arg 73 9.62 3.52 
Thr TM 9.04 4.31 
Ser 75 7.14 4.43 
Ile 76 8.15 4.04 
Thr 77 7.43 4.84 
Pro TM 

Arg 79 
Pro 8o 
Cys 81 8.43 3.83 
Pro 82 4.84 
Tyr s3 8.94 5.17 
Ser 84 9.33 4.83 
Ser 8s 8.41 5.55 
mrg 86 8.50 (8.49) 4.82 (4.81) 
Thr w 8.78 (8.80) 5.40 (5.30) 
Glu 88 8.48 (8.44) 4.71 (4.75) 
Thr 89 8.51 5.51 
Asn 9~ 8.50 5.85 
Tyr 91 9.20 4.58 
Ile 92 8.82 4.98 
Cys 93 8.70 5.73 
Va194 8.85 4.79 
Lys 95 8.31 4.78 
Cys 96 8.70 5.25 
Glu 97 9.11 5.07 
Asn 9s 10.43 4.38 
Gin 99 8.04 4.13 
Tyr l~176 7.66 4.56 
Pro ~~ 4.64 
Val 1~ 8.50 4.59 
His 1~ 7.30 5.66 
Phe 1~ 10.27 4.30 
Ala 1~ 8.28 4.57 
Gly t~ 6.64 4.29, 4.05 
lie 1~ 8.51 4.60 
Gly t~ 9.12 4.54, 3.49 
Arg j~ 7.26 4.48 
Cys 11o 8.87 4.92 
Pro Ht 

1.82 0.90, 0.84 
1.73, 1.35 1.08 
4.96, 4.33 
3.95 0.98 
4.34 1.34 
1.34, 1.34 1.07, 0.18 
3.03, 2.70 
2.24, 2.15 2.47, 2.40 
1.85, 1.85 1.99 
2.82, 2.46 
3.92 1.00 
2.89, 2.70 
3.89 1.22 
1.75, 1.18 
4.12 1.18 
3.66, 3.63 
1.71 
3.33 0.97 
1.77, 1.65 1.96, 1.89 

2.21, 1.93 
1.83, 1.83 1.47, 1.47 
2.60, 2.52 
3.97, 3.79 
4.04, 3.68 
1.84, 1.84 1.72, 1.47 
4.30 (4.32) 1.25 
1.93, 1.93 2.20, 2.12 
3.89 0.92 
2.57, 2.54 
2.87, 2.51 
2.35 1.12, 0.73 
3.09, 2.06 
1.91 0.73, 0.73 
1.92, 1.88 1.03, 1.03 
2.94, 2.53 
2.05, 1.82 2.38, 2.27 
3.23, 2.88 
1.98, 1.74 2.17, 2.03 
2.67, 2.46 
2.23, 2.23 1.90, 1.90 
1.80 0.97, 0.73 
3.23, 3.17 
3.10, 1.66 
0.98 

1.95, 1.75 1.60, 1.33 
3.37, 2.89 

0.70, 0.50 
OH 6.13 

C~H2 2.86, 2.75; N~H 6184 
C2,~H 7.45; C3.5H 7.36; C4H 7.45 
N~H2 7.36, 6.87 
1.28, 0.82 
N~H2 6.87, 6.54 

Cq-I 3 0.86; C8H3 0.68 

C~H2 3.84, 3.67 

C~H2 3.25, 3.24 
C2,6H 7.23 (6.52); C3,5H 6.75 (6.60) 

C8H2 3.26, 3.25; N~H 7.16 

N~H2 7.25, 6.61 
C2,6 H 7.06; C3,5H 6.70 
CvI-I3 0.53; C~H3 0.32 

C~H2 1.55, 1.55 

N~H2 7.70, 6.95 
NEHz 7.60, 6.87 
C2,6H 6.60; C3.5H 6.32 
CSH2 3.84, 3.67 

C~IH 8.68; C~2H 7.17 
C2,6H 6.81; C3,5H 7.01 

C~H2 3.19, 3.16; N~H 7.04 

a In 90%/10% H20/D20 at 310 K, pH 3.5, taking the TSP resonance (0.00 ppm) as a reference. The chemical shifts of second conformers are 
parenthesized. 

b PE-1 represents N-terminal pyroglutamate. 

c o m a  180, Ehr l ich ,  and  M e p  II  ascites cells (Ni t t a  et al., 

1994). The re  is ev idence  that  the  an t i -pro l i fe ra t ive  ac t iv i ty  

o f  R C - R N a s e  on  t u m o r  cells m igh t  be effected by the  fol- 

lowing  events:  (i) the b ind ing  o f  R C - R N a s e  to  s ia loglyco-  



334 

conjugated lectin receptor on the tumor cell surface; (ii) 
the endocytosis of sialoglycoconjugated lectin receptor on 
the tumor cell surface; (iii) the endocytosis of RC-RNase 
mediated by the receptor; or (iv) the inhibition of protein 
synthesis leading to cell death (Nitta et al., 1993,1994). 

At present, the structure of this protein or its ligand 
complexes has not been solved. The molecular basis of the 
catalytic and lectin-receptor binding properties of RC- 
RNase is also not known, nor are its mechanisms of ac- 
tion. The active-site residues responsible for the substrate 
recognition for nuclease activity and the sialic acid binding 
for tumor cells have also not yet been identified. Toward 
answering some of these questions we have undertaken the 
task of determining the solution structure of RC-RNase 
and its ligand complexes using NMR methods. The excel- 
lent dispersion in proton NMR spectra and the excep- 
tional stability of RC-RNase allowed us to assign over 
95% of the backbone and the majority of the side-chain 
protons by analyzing a large set of 2D IH NMR spectra 
obtained at several temperatures and pH conditions with- 
out isotopically labeled protein. In this paper we describe 
NMR resonance assignments and the secondary structure 
identification of RC-RNase. Studies on the RC-RNase in- 
teraction with substrate analogs such as cytidylyl-(2'-5')- 
guanosine, 2'-deoxycytidylyl (Y-5')-2'-deoxylguanosine, 
sialic acid and other trisaccharides are in progress in our 
laboratory. A direct comparison of the current results 
with those obtained from RC-RNase/ligand complexes 
would help to identify the residues at the interaction sites, 
and to provide insights into macromolecular recognition. 

Sequence analysis has shown that RC-RNase/SBL-C is 
a 111-amino acid protein whose sequence is highly homo- 
logous to that of an RNase isolated from the liver of 
Rana eatesbeiana (Titani et al., 1987; Nitta et al., 1989), 
and also relatively similar to those of human angiogenin 
(Kurachi et al., 1985), onconase (P-30 protein) isolated 
from R. pipiens eggs (Mikulski et al., 1990; Ardelt et al., 
1991), and bovine pancreatic RNase A (Potts et al., 1962; 
Smyth et al., 1963). Thus, this protein belongs to the 
superfamily of pyrimidine-base-specific RNases (Nitta et 
al., 1993,1994). However, there are substantial differences 
among these proteins. For example, both RC-RNase and 
P-30 are lectins and are capable of inhibiting tumor cell 
growth. On the other hand, RNase A from bovine pan- 
creas and angiogenin are not lectins and possess no anti- 
tumor or antiviral activity. In fact, Youle et al. (1994) 
demonstrated that the P-30 protein 'inhibited immuno- 
deficiency virus type 1 replication in H9 leukemia cells 
90-99% over a 4-day incubation at a concentration non- 
toxic to uninfected H9 cells', while 'bovine pancreatic 
RNase A has no detectable antiviral activity, demonstrat- 
ing a striking selective antiviral activity among homo- 
logous ribonucleases'. Thus, the results obtained from the 
present study will not only shed light on understanding 
the molecular mechanism of this superfamily of ribonucle- 

ases, but can also provide insight into the specific lectin 
and antitumor activities of RC-RNase and P-30. 

Materials and Methods 

Preparation of RC-RNase 
Extraction and purification of RC-RNase from bull- 

frog oocytes were accomplished following the procedures 
described previously (Liao et al., 1996), and all operations 
were carried out at 277 K. Briefly, the oocytes were re- 
leased from the ovaries (cut into approximately 4-cm 3 
pieces) by incubation with 0.15% (w/v) type-II collage- 
nase. The ribonuclease was purified by precipitation of 
yolk granules, extraction of RC-RNase with 0.09 M NaC1, 
and selective removal of impurities by chromatograph on 
phosphocellulose and carboxymethyl cellulose columns. 
From 100 g of ovary tissue removed from a mature fe- 
male bullfrog (600 g in weight), 150 mg of RC-RNase 
could be purified. The ribonuclease activity was assayed 
by the dinucleotide method (Liao, 1992). 

Protein sequence analysis 
The purified RC-RNase was reduced with DTT and S- 

carboxymethylated with iodoacetate (Allen, 1989). The 
modified protein was cleaved at room temperature with 
cyanogen bromide in 70% formic acid. The digested prod- 
ucts were diluted with water and dried in vacuo on a 
SpeedVac several times to remove residual acid and by- 
products. The protein was also digested by protease Lys 
C (100:1, w/w) at 298 K overnight. The acid-free digests 
and the protease-digested products were separated by 
reverse-phase HPLC on a C18 column (4.6 mm • 25 mm, 
Vydac, Hesperia, CA, U.S.A.) using a Waters automated 
gradient controller. The column was first equilibrated 
with 0.1% trifluoroacetic acid (TFA) and then eluted with 
a linear gradient of 15 to 50% acetonitrile containing 
0.06% TFA. The flow rate was 0.6 ml/min. The separated 
peptides were collected and dried on a SpeedVac for 
sequence analyses. Automated cycles of Edman degrada- 
tion were performed on an Applied Biosystem Inc. gas/li- 
quid-phase Model 470A/900A sequencer, equipped with 
an on-line Model 120A phenylthiohydantoin amino acid 
analyzer (Hewick et al., 1981). While the first eight resi- 
dues were not sequenced due to the formation of N-ter- 
minal pyroglutamates, the remaining C-terminal 103 
amino acids were; these results, together with the partial 
sequence of RC-RNase previously reported (Liao, 1992), 
provide the complete sequence of the protein, and they 
are in total agreement with the sequence determined for 
SBL-C (Titani et al., 1987). 

Mass spectrometry 
The mass spectrometry analyses of RC-RNase were 

performed on a VG Quatto-Bio-Q (Fisons Instruments, 
UG Biotech, Altrincham, U.K.), a triple-quadrupole in- 
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Fig+ 1. Fingerprint region from a representative 2D TOCSY spectrum of a 2 mM RC-RNase sample in 50 mM phosphate, 10% v/v DzO at pH 
3.5. The spectrum was acquired at 310 K with an MLEV-17 spin-lock time of 55 ms, using 2048 complex data points along the F2 dimension and 
700 t~ increments. 

strument with a mass range for singly charged ions of  
4000. Samples were introduced and monitored as described 
previously (Hong et al., 1994). The molecular weight 
determined by mass spectrometry is identical to that 
calculated from the amino acid sequence of RC-RNase. 

NMR spectroscopy 
Samples for N M R  experiments contained about 0.3 ml 

of 2-3 mM protein in 50 mM phosphate buffer, at pH 3.5- 
7.0. Buffer exchange and pH adjustments were achieved by 
repeated dilution with appropriate buffers and concentrat- 
ing with centricon filters. The pH of the final filtrate was 
taken as the pH of the protein sample. Upon attaining 
the desired pH, 10% (v/v) of D20 was added. For prepar- 

ing the sample in D20 , the concentrated protein sample 
was repeatedly lyophilized and redissolved in D20. The 
pH values were measured with a JENCO microelectronic 
pH-vision model 6071 pH meter equipped with a 4-mm 
electrode. All reported pH values were direct readings 
from the pH meter without correction for isotope effect. 
For monitoring the exchange rates of labile protons, the 
concentrated sample in H20 was lyophilized only once 
and redissolved in D20 (99.99% deuterium) and N M R  
spectra were acquired immediately and subsequently at 
appropriate time intervals. Sodium 3-trimethylsilylpropio- 
nate-2,2,3,3-d 4 (TSP) was used as an internal chemical 
shift standard. 

All N M R  spectra were recorded at 600.13 MHz on a 
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Fig. 2. The fingerprint region of a DQF-COSY spectrum of RC-RNase acquired at 310 K, using 4000 complex data points and 1024 tl increments. 
Sample conditions were the same as in Fig. 1. All the HN-H" cross peaks were assigned, and are labeled in the figure. ~ 

Bruker AMX-600 spectrometer (Bruker, Karlsruhe, Ger- 
many). For DQF-COSY spectra, 700 to 1024 t~ incre- 
ments were collected, each with 16 to 32 scans of 2K or 
4K complex data points (Rance et al., 1983). The TOCSY 
spectra were collected with 512-700 t 1 increments with 16 
transients of 2K complex points (Bothner-By et al., 1984; 
Bax and Davis, 1985). We used MLEV-17 spin-lock se- 
quences of 18 and 55 ms in D20 media and 18, 32, 45 and 
55 ms for protic media. For the NOESY spectra, 512-700 
t~ increments were collected, each with 32 scans of 2K 
complex data points (Kumar et al., 1980; Bodenhausen et 
al., 1984). Mixing times of 50, 100 and 200 ms were used. 
Spectra were recorded in time-proportional phase-incre- 
mentation (TPPI) mode (Redfield and Kunz, 1975; Drob- 
ny et al., 1979; Marion and Wiithrich, 1983). Water sup- 
pression was achieved by 1.4 s presaturation at the water 
frequency, or by the gradient method (Piotto et al., 1992). 
All spectra were collected with 8196 Hz spectral widths. 

The data were transferred to an SGI personal IRIS or 
an SGI INDIGO workstation (Silicon Graphics, Moun- 
tain View, CA, U.S.A.) for all processing and further 

analysis using Bruker UXNMR and AURELIA software 
packages. All data sets acquired were zero-filled to equal 
amounts of points in both dimensions prior to further 
processing. A 60~ skewed sine-bell window func- 
tion was used in all NOESY and TOCSY spectra and a 
20 ~ or 30~ skewed sine-bell function was used for 
all COSY spectra. To help resolve spectral overlap, data 
were collected at temperatures of 298, 300, 305, 310 and 
320 K for the pH 3.5 sample in protic media, at 300, 305, 
310 and 320 K for the pH 7.0 sample in protic media, at 
300, 305 and 310 K for the pH 3.5 sample in D20, and at 
305 and 320 K for the pH 7.0 sample in D20. 

R e s u l t s  

Resonance assignments 
RC-RNase is a well-behaved protein with excellent 

stability over a wide range of pH values (between 3:5 and 
9.0) and temperatures (up to 335 K). RC-RNase showed 
excellent chemical shift dispersion in its proton NMR 
spectra. Thus, even for a protein of this size, we were able 



to assign the backbone proton resonances for all but five 
of the residues, by analysis of a large set of 2D NMR 
spectra recorded at several pH values (between 3.5 and 
7.0) and temperatures (between 298 and 320 K). The best 
spectra were those obtained at 310 K and pH 3.5, where 
the amide proton exchange is the slowest. The protein is 
still active at this low pH (Liao, 1992). Therefore, all the 
spectra shown in this paper and all chemical shift values 
reported in Table 1 are those obtained at 310 K and pH 
3.5 in the presence o f  50 mM phosphate buffer, unless 
specified otherwise. Figure 1 shows the fingerprint region 
of a representative TOCSY spectrum of a 2.0-mM RC- 
RNase sample, recorded with a 55-ms mixing time. A 
corresponding DQF-COSY spectrum, showing 96 of the 
maximally 104 expected HN-H ~ cross peaks is shown in 
Fig. 2. The excellent dispersion and efficiency of magneti- 
zation transfer are evident. Most of the spin systems were 
identified from these spectra. 

Aromatic residues 
The assignment of the spin systems of the aromatic 

rings in phenylalanines, tyrosines, and tryptophan was 
obtained from a set of COSY, TOCSY and NOESY 
spectra in which resonances for all the aromatic protons 
were identified. All four tyrosines (at positions 28, 83, 91 
and 100) and all four phenylalanines (at positions 6, 40, 
66 and 104) are fully assigned. Initially, we had difficul- 
ties in assigning the aromatic proton resonances of Tyr 83 
due to the presence of four resonances and of Phe 66 due 
to resonance overlapping. Final assignments, however, 
were made only after sequential assignments were com- 
pleted. We believe the four ring proton resonances for 
Tyr 83 are due to the presence of two conformations. How- 
ever, we cannot rule out the possibility that they are due 
to the four ring protons being in a rigid and magnetically 
asymmetric environment. The connectivities between the 
aromatic rings and the aliphatic protons of all tyrosines 
and phenylalanines were established from their respective 
H~-H ~ NOE cross peaks. Trp 3 is a unique residue and its 
proton resonances have been fully assigned. The charac- 
teristic H~-H ~ COSY cross peak of tryptophan was 
readily identified. The connectivities between benzene and 
indole rings of tryptophan were obtained from the NOE 
cross peak between H;2-H ~. The identification of its 
amide proton was based on a NOE connectivity observed 
between this proton and H ~ in the indole ring, and was 
further confirmed in sequential assignment. Two sets of 
COSY and TOCSY cross peaks between H ~2 and H ~ in 
the imidazole ring of  histidines were observed; their char- 
acteristic shifts at different pH values also confirmed 
these assignments. For His ~~ the connectivity between the 
imidazole ring and the main chain was obtained from the 
NOE cross peak between H~2-H ~ protons. The other 
protons were identified from their connectivities to H ~ 
protons in TOCSY spectra. No NOE cross peak was 
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observed between the imidazole ring protons and the 
aliphatic protons of His 1~ By exclusion, the remaining set 
of H~2-H ~ COSY cross peaks was assigned to His ~~ The 
H ~, H ~ and amide proton of His ~~ were identified in the 
sequential assignment. 

Aliphatic residues 
Ala 4, Ala 45 and Ala 5~ proton resonances were assigned 

from their characteristic cross peaks between H ~ and H ~ 
methyl protons. The amide and (x-proton resonances of 
Ala 45 overlapped with those of lie 41 at 310 K, but these 
two resonances were resolved at 298 K. The slowly ex- 
changing amide proton of Ala 1~ was readily observed in 
D20 spectra, and it allowed us to establish connectivities 
to its H ~, which was otherwise buried under the water 
peak in spectra obtained in protic media, and to its meth- 
yl resonances as well. Five of the valines (at positions 30, 
37, 48, 55 and 60) were identified from the characteristic 
TOCSY network formed by its H ~, H ~ and HV-methyl 
resonances. The intensities of the TOCSY HN-H ~ and 
HN-H v cross peaks for Va194 were very low, and their 
identities were further confirmed in sequential assignment. 
The H ~ of Val 1~ is very close to the water resonance, and 
its H~-H y cross peak was revealed in the COSY and 
TOCSY spectra obtained in D20. Assignments of leucines 
and isoleucines were difficult. We identified a fewer num- 
ber of spin networks typical of leucines and isoleucines 
than expected from the protein sequence. Analyses of the 
aliphatic region in the COSY and TOCSY spectra were 
not helpful in assigning these residues. The identification 
of Leu 61 was achieved in the sequential assignment pro- 
cess. Two sets of closely spaced resonances were observed 
for Leu 6s. Increasing the temperature to 320 K resulted in 
better resolution of the H TM resonances in the two con- 
formers. For each of the two Leu 68 conformers, only one 
of the two H~-methyl peaks was observed in their TOCSY 
spin networks, and NOESY connectivities were employed 
to identify the other methyl proton resonances. There are 
14 isoleucine residues, at positions 11, 12, 16, 17, 22, 27, 
29, 41, 42, 51, 56, 76, 92 and 107. The assignments of 
isoleucines were mainly accomplished in the sequential 
assignment process. 

Small residues 
Two glycines at positions 32 and 54 were fully assigned 

based on their characteristic COSY cross peaks. The H ~ 
protons of G ly  3L were  degenerate at 310 K and were iden- 
tified at 298 K. The other two glycines at positions 106 
and 108 have only one HN-H ~ COSY cross peak each 
and were identified from TOCSY spectra. Their assign- 
ments were reconfirmed in the sequential assignment. The 
13 threonine residues at positions 5, 14, 21, 39, 46, 47, 53, 
63, 70, 72, 74, 87 and 89 were all fully assigned. The 
other two threonines at positions 64 and 77 were assigned 
based on NOE sequential assignments. Two sets of H ~, 
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Fig. 3. (a) The fingerprint region of a NOESY spectrum (mixing time 100 ms) of RC-RNase acquired at 310 K. Sample conditions were the same 
as in Fig. 1. Sequential connectivities from Leu 6s to Ile 76 and from Trp 3 to Ile II are shown. (b) The HN-H TM region of a NOESY spectrum (mixing 
time 100 ms) of RC-RNase acquired at 310 K. Sample conditions were the same as in Fig. 1. Sequential HN-H TM connectivities from Trp 3 to Ile" 
and from Ala 45 to Ile 51 are shown. 

H ~ and amide pro ton  resonances were observed for Thr  87 
even at temperatures  as high as 320 K. There are 27 non- 
aromat ic  residues with A M X  spin systems, and their spin 
systems were all identified from COSY and T O C S Y  spec- 
tra. The H TM, H ~, H ~ and side-chain amide pro ton  reson- 

ances of  all 12 asparagines (at posi t ions 2, 13, 18, 20, 25, 
26, 38, 57, 59, 69, 90 and 98) have been identified. Asp 24 
was identified from sequential  assignment.  Except for 
Cys 8~, which is flanked by prolines, all other  seven cys- 
teine residues (at posi t ions 19, 34, 52, 71, 93, 96 and 110) 
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were fully assigned. Cys 81 was assigned by way of exclu- 

sion. Five serines (at positions 43, 44, 75, 84 and 85) were 

assigned based on their characteristic [3-proton chemical 
shifts. The two [3-protons of Ser 62 could not  be assigned 

from the COSY and TOCSY spectra and were eventually 

assigned in the sequential assignment stage. The identifi- 

cation of the hydroxyl group of Ser 62 at 6.13 ppm was 

based on a TOCSY cross peak with its H ~ protons and a 

NOESY cross peak with its H ~ and H ~ protons. 

Long-chain residues 
Full assignment was obtained for Glu 88 and Glu 97. The 

spin network of Glu 97 was easily identified, while the as- 

signment of Glu  88 was made during sequential assignment. 

Only the a -pro ton  of the N-terminal  pyroglutamate (PE- 
1) has been assigned. The H TM, H ~, H I~ and H r resonances 

of all five glutamines (at positions 7, 8, 33, 67 and 99) 

were assigned from their AM(PT)X spin systems. Their 

side-chain amide proton resonances, with the exception of 
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Fig. 4. Sequence of RC-RNase, the amide proton exchange rates, 3JNHct , s u m m a r y  of the sequential and medium-range NOEs involving H TM and 
H ~ protons, chemical shift index and the deduced secondary structures of RC-RNase. Amide protons that remained observable in the TOCSY 
spectrum after 24 h are labeled with filled circles (slow-exchange protons), those that were observable after 5 h in DzO at 310 K and pH 3.5 are 
marked with open circles (medium-exchange protons), and those that were not observable upon addition of DzO (fast-exchange protons) are not 
marked. Open squares represent 3JNI_I~ > 8 HZ and filled squares represent 3JNH a < 6 Hz. The chemical shift index (CSI) displays the chemical shift 
differences between the observed C a proton chemical shift of a particular residue and the expected random-coil C a proton chemical shift of the 
same amino acid. Positive bars in CSI indicate downfield shifts of more than 0.1 ppm, while upfield shifts of more than 0.1 ppm are indicated 
by negative bars. Open squares in CSI indicate that the C a proton chemical shifts are within +0.1 ppm of those expected from random-coil values. 
The NOE intensities are indicated by the thickness of the black bars, with thicker bars representing stronger NOEs. 
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Fig. 5. The proton NOE networks of two triple-stranded, antiparallel B-sheets of RC-RNase. NOEs are indicated by arrows. (a) Sheet a; 
(b) sheet b. The amide protons with very slow exchange rates are circled. 

Gln 7, were also assigned. Two sets o f  resonances were 
observed for Gln67; increasing the temperature to 320 K 
resulted in the disappearance of  both  amide protons. All 
proton resonances of  both  Met 23 and Met 58 have been 
assigned. The H N, H a, H ~, W, and H ~ resonances of  four 
arginine residues at positions 36, 65, 86 and 109 have 
been assigned. Only partial  assignment of  mrg 73 was ac- 
complished, while assignment of  Arg 79 remains elusive. 
The COSY H~-H ~ cross peaks of  all arginines have been 
assigned to their corresponding residues. There are four 
lysines, at positions 9, 35, 49 and 95. The H TM and all non- 
exchangeable side-chain resonances of  Lys 49 were ident- 
ified readily from its T O C S Y  cross peaks. The assignment 
of  the remaining three lysines was accomplished in the 
sequential assignment. The assignments of  proline (at 
positions 15, 78, 80, 82, 101 and I l l )  have been difficult 
due to resonance overlapping. Only three d~(i , i+l)  con- 
nectivities in the N O E S Y  spectra obtained in D20 could 
be identified. These were subsequently assigned to Pro '5, 

Pro s2 and Pro '~ in the sequential assignment process. The 
assignment of  the other three prolines remains elusive. 

Sequential resonance assignments 
The standard strategy for sequential resonance assign- 

ments by connecting the intraresidue peaks in the finger- 
print or HN-H N regions via NOEs  from the o~-proton to 
the amide proton or the amide proton to the amide pro- 
ton of  the following residue was employed (WiJthrich, 
1986). Our  sequential assignment was based mainly on 
the analyses of  N O E S Y  spectra (100 ms mixing time) of  
RC-RNase  dissolved in DEO and in H20 at p H  3.5. The 
general approach was to first analyze the most  intense 
cross peaks in the fingerprint region (Fig. 3a) and the 
HN-H N region (Fig. 3b). The results are summarized in 
Fig. 4. F rom the H~(i)-HN(i+I) and HN(i)-HN(i+I) cross 
peaks in the N O E S Y  spectra we made sequential assign- 
ments  of  the following segments: PE-1 to Thrl4; Pro 15 to 
Thr64; Arg 65 to I1e77; and Pro 82 to Cys H~ 
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Secondary structure identification 
The secondary structures of RC-RNase were identified 

by the detection of specific patterns of short-, medium- 
and long-range NOEs (Wiithrich, 1986). The a-proton 
chemical shifts (Pastore and Saudek, 1990; Wishart et al., 
1991,1992), hydrogen-exchange rates of amide protons 
and the three-bond H ~ H  ~ coupling, 3JHNct , were employed 
to further confirm the existence of a specific secondary 
structure. Figure 4 shows the specific NOE connectivities, 
3JnNc~ , and amide proton exchange rates of backbone pro- 
tons. From this figure we identified the presence of three 
a-helices and six 1]-strands. The first a-helix (helix ~1) 
starts at residue Trp  3 and ends at lie 1~. This helix is well 
defined with medium d~N(i,i+3 ) and dNN(i,i+l) and small 
d~N(i,i+4 ) NOEs, and medium amide proton exchange 
rates (observable after 5 h) for Trp 3 to Phe 6, and slow 
exchange rates (observable after 24 h) for Gln 7 to lie H. 
The unusual H a chemical shift observed for Trp  3 can  be 
explained by the ring-current effects arising from the 
neighboring aromatic rings of Phe 6 and Tyr ~~176 whose 
presence is indicated by their long-range NOE peaks to 
Trp  3. The small three-bond J-coupling observed for this 
segment is consistent with the formation of an a-helix. 
The second a-helix (helix a2) extends from Asn TM to Met 23. 
Weak d~y(i,i+l) and strong dyy(i,i+l) NOEs were observed 
in this region. However, this helix is less stable, as typ- 
ified by the weaker d~N(i,i+3 ) NOEs, faster amide proton 
exchange rates, except for Met 23, and intermediate 3JNHce 
The third c~-helix (helix ~3), extending from Ala 45 to Thr 53, 
is also well defined with strong d~(i,i+3) and dNN(i,i+l) 
NOEs, medium amide proton exchange rates for residues 
Wa148 and Lys 49 and slow amide proton exchange rates for 
residues Ala 5~ to Cys 52. The chemical shift index and 3JNH a 
are also in good agreement with this segment being in an 
a-helical conformation. 

The dominant feature of the secondary structure of 
RC-RNase is the presence of two triple-stranded, anti- 
parallel 1]-sheets. Extensive inter- and intrachain NOE 
cross peaks characteristic of 1]-sheet structures were ob- 
served (Fig. 5). The first 1]-sheet (sheet a) includes the 
following three strands: Va137 to lie 42 (1]l-strand); Phe  66 to 
Arg 73 (~3-strand); and Tyr 83 to Ile 9~ (1]4-strand), with 113 
forming the central strand. The second 1]-sheet (sheet b) 
is made up of the following strands: Asn 57 to Ser 62 (1]2- 
strand); Ile 92 to Glu 97 (1]5-strand); and Tyr l~176 to Gly 1~ (1]6- 
strand), with 115 forming the central strand. The unusual 
high-field shift of the a-proton of Arg 73 in strand 3 is 
probably due to the ring-current effect of Tyr 83 in strand 
4. The NOE pattern between strands 5 and 6 is unusual, 
suggesting that sheet b is a distorted 1]-sheet structure. 
Part of the reason for the distortion is probably the pres- 
ence of the turn at G l u  97 and Tyr ~~176 

There are a total of 48 residues which do not form part 
of the a-helix or 1]-strand structure. Most of these resi- 
dues are clustered in three large loop regions, loop 1 (Ile 12 

to Asn18), loop 2 (Asp 24 to Arg36), and loop 3 (Thr TM to 
Pro82). We did not observe specific NOEs which can be 
employed to define the secondary structure of the follow- 
ing residues: Ile 12 to Asn 18 (loop 1), Asp 24 to Arg 29 (loop 
2), Thr TM to Thr 77 (loop 3). All of these residues, except 
Ile ~2, have medium or fast amide proton exchange rates. 
Thus, these residues do not have a defined conformation 
and might be located on the protein surface. The NOE 
pattern, amide proton exchange rates, and 3JNH ~ for resi- 
dues in the three regions, Val 3~ to Gln 33, Thr 53 to Ile 56, 
and Glu 97 to Tyr l~176 are consistent with these residues 
being in [i-turn structures. Furthermore, the observation 
of d~N(97,99 ), d~N(97,100 ) and dNN(97,100) suggests that 
residues Glu 97 to Tyr l~176 form a type I 1]-turn. Long-range 
NOEs between this turn and residues Ile 56 and Met 58 were 
observed. The structure of the region between Pro TM and 
Pro 82 is still uncertain due to the presence of three not 
fully assigned proline residues. Tyr 9~, which connects ~4 
and 115, appears to form a 1]-bulge. Only sequential and 
intraresidue NOEs were observed for the terminal resi- 
dues, PE-I, Asn 2, and Ile 1~ to Pro TM. Presumably these 
residues are mobile and undefined. 

Discussion 

Structural comparison among different RNases 
RC-RNase belongs to the pancreatic ribonuclease super- 

family. It shares 27% sequence identity to the mammalian 
bovine pancreatic RNase A and 53% sequence identity to 
an amphibian ribonuclease, the P-30 protein. However, in 
addition to possessing ribonucleolytic activity, RC-RNase 
is also a lectin and is cytotoxic, similar to P-30 protein 
(Ardelt et al., 1991; Wu et al., 1993; Liao et al., 1996). In 
contrast, no cytotoxicity or lectin activity was found for 
either bovine pancreatic RNase A or angiogenin. The 
structural basis of the functional differences among these 
proteins is not known. Therefore, it is interesting to com- 
pare the structural differences of these proteins. Figure 6 
shows a secondary structure comparison among the four 
RNases. These four ribonucleases are comparable in mo- 
lecular size; only angiogenin has three disulfide bonds, 
compared to four in the other three ribonucleases. All 
possess three a-helices of similar length, and are located 
in similar positions. Our NMR data indicate that the ~2 
helix in RC-RNase is less stable than the corresponding 
helices in the other RNases. Both RNase A (Rico et al., 
1991; Santoro et al., 1993) and angiogenin (Reisdorf et 
al., 1994) have seven 1]-strands, compared to six observed 
in P-30 (Mosimann et al., 1994) and RC-RNase. The 1]- 
strands in all four ribonucleases form two antiparallel 1]- 
sheets. As shown in Fig. 6, the 1]-strands of all four ribo- 
nucleases are similar in length and location, with the 
exception of the region between Lys 61 and Ser 75 (RNase 
A numbering system), where two 1]-strands were observed 
for RNase A and angiogenin, but only one for P-30 and 
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RC-RNase 19-71; 34-81; 52-96; 93-110 

Fig. 6. Secondary structure comparison of four ribonucleases: bovine ribonuclease A, bovine angiogenin, RC-RNase and P-30 protein from R. 
pipiens oocyte, u-Helical structures are underlined and B-strands are boxed. Residues are numbered according to the sequence of bovine RNase A. 

RC-RNase.  Ano the r  unique proper ty  of  RC-RNase  is the 

presence o f  nearly equal popula t ions  o f  two conformers,  

a p roper ty  not  observed in any other  RNases.  The func- 
t ional  significance of  the two conformers has yet to be 
elucidated. 

Structure comparison at pH  3.5 and 7.0 
While RC-RNase  is stable over wide temperature  and 

p H  ranges, the opt imal  activity of  RC-RNase  occurs 
a round  p H  7.5, and it drops  substant ial ly at both  lower 
and higher pHs. Thus, it is interesting to compare  the 

structural  differences observed at different pHs. Structural  
differences can be deduced qualitatively from changes in 

amide proton exchange rates, from chemical shift changes, 

and from N O E  connectivities. We have obta ined  two sets 
o f  N M R  spectra and have assigned most  of  the pro ton  
resonances at both  p H  3.5 and 7.0. In compar ison,  no 

majo r  changes in N O E  connectivities, especially those 
long-range NOEs  characterist ic  o f  specific secondary 
structures, were observed. The overall exchange rates of  
most  N H  protons  are faster at neutral  pH,  as expected 
from the increased intrinsic exchange rate of  the amide 

pro ton  at high pH.  Specifically, seven fast-exchanging 
amide protons  located in nonst ructured regions (Asn 2, 
Asn  18, Cys  19, Asn  26, Gly  31, Arg  36 and Ala  45) observable at 

p H  3.5 were missing at neutral  pH. The slow-exchanging 
N H  protons  o f  Gln  7, Gln  8, Ala  5~ lie 5~, mrg  73, mrg  86 and 

Glu  88 disappeared after 10 h in D20 at neutral  pH. How- 

ever, the N O E  connectivities among  these protons  are the 

same as those observed at p H  3.5, suggesting the perse- 

verance o f  the secondary structures in these regions. Only 
six N H  protons  (Va160, Phe  66, Leu  68, Asn  69, Ile 92 and Va194) 

located in the [32, 133 and 135 regions were still observable 
after 24 h in D20 at p H  7.0, compared  to 41 at p H  3.5 
(Fig. 4). The corresponding residues o f  the six slow-ex- 

changing amide pro tons  in P-30 are clustered at the bot-  
tom of  the bowl-shaped structure. Thus, this region must  
represent the most  protected region. 

Mos t  o f  the (~-proton resonances shift less than 0.02 
ppm upon  changing the p H  from 3.5 to 7.0. The four 
exceptions are Asp  24 (0.05 ppm),  Asn 57 (0.04 ppm),  G l u  97 
(0.04 ppm) and His 1~ (0.2 ppm).  All  but  Asn 57 have a 

p K  a value between p H  3 and 7. Asn 57 is paired to G l u  97 
in forming the 13-sheet structure. Therefore, all the un- 
usual a -p ro ton  chemical  shift changes may  be a t t r ibuted 

to a charge effect. Fur thermore ,  all residues showing the 
presence o f  two conformat ions  at p H  3.5 also exist in two 
conformers  at p H  7.0. F rom the above observat ion we 
conclude that  the structure o f  RC-RNase  is very similar 
at p H  3.5 and 7.0. This is very interesting and we will 
need to find more  detai led structural  differences to ex- 
plain the greatly reduced activity observed at low pH.  
Apparent ly,  the precise rearrangement  of  residues a round  
the active site is crucial in determining the enzymatic 
activity. We are in the process o f  calculating the detai led 
three-dimensional  structure of  RC-RNase.  



Multiple conformations 
Two amide proton resonances were observed for each 

of the following 11 residues: Ile 17, Ile 22, Va137, Ile 42, Phe 66, 
G l n  67, Leu  68, Asn  69, mrg 86, T h r  87 and Glu 88. We also ob- 

served two a-proton resonances for each of the following 
eight residues: Va137, Ile 42, Phe 66, Gln 67, Leu 68, Asn 69, Thr 87 

and Glu 88. Two resonances were also observed for several 
side-chain protons of these residues. These residues scat- 
tered around loop 1, the or2 helix, the 131 strand, the 133 
strand and the 134 strand, suggesting the presence of two 
conformers in slow exchange for these regions. Figure 7 
shows a region of a NOESY spectrum (mixing time 200 
ms) obtained at 320 K and pH 7.0, displaying two sets of 
resonances for Leu 68, Asn 69, Thr 87 and Glu 88. From the 

NOE cross-peak intensities we estimated the population 
ratio of these two conformations to be 40:60 at 320 K. 
The presence of two chemically different species can be 
ruled out from the results of mass spectrometry, peptide 
sequencing and SDS-PAGE gel-electrophoresis, which all 
showed the presence of only a single protein species. 
Although the small chemical shift differences between 
most of the corresponding resonances in the two confor- 
mers are too small to allow us to observe the exchange 
cross peaks near the diagonal, four ring proton reson- 
ances at 6.52, 6.60, 6.75 and 7.23 ppm were observed for 
Tyr 83. Six cross peaks among these protons were observed 
in the TOCSY and NOESY spectra at 310 K in D20. 
Lowering the temperature to 280 K resulted in the obser- 
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vation of only two cross peaks (at (6.52,6.60) and (6.75, 
7.23)). On the other hand, at 320 K the cross peaks 
broadened substantially. When the temperature was raised 
to 335 K, all the cross peaks disappeared, presumably due 
to excessive exchange broadening. While it is clear that 
the observed change with temperature of the cross-peak 
pattern is due to the kinetic exchange effect, the molecu- 
lar basis of the exchange process is still not clear. Two 
possible mechanisms come to mind: (i) the Tyr 83 ring 
exists in two conformations and two ring proton reson- 
ances are observed for each conformation. Exchange 
cross peaks can be observed if there is conformational 
exchange. This observation is consistent with the observed 
multiple conformation of the nearby residues; (ii) the 
Tyr 83 ring exists in only one conformation; however, the 
two sides of the ring are magnetically asymmetric such 
that all four ring protons resonate at different frequen- 
cies. Slow ring flipping results in the observation of ex- 
change cross peaks. At present we are unable to distin- 
guish between these two possibilities. Thus, we believe 
that the observation of four ring protons of Tyr 83 is due 
to the presence of two conformers, and not to asymmetric 
magnetic environments or chemically different species. 

Interestingly, the NOE connectivity patterns of these 
two conformers are very similar. For example, a NOE 
cross peak between H N of Leu 68 and H a of Thr 89 was 
observed in one conformation, whilst a corresponding 
NOE cross peak between H TM of Leu 68 and H a of Asn 9~ 

l ~ W ~ E88 ~ �9 4.75 

l. ~176  lj, a fo 

.o 

~ 5.75 

9.25 9.00 8.75 8.50 8.25 

Chemical Shift (ppm) 

Fig. 7. A selective region of a NOESY spectrum (mixing time 200 ms), showing the presence of multiple conformations of RC-RNase. The 
spectrum was obtained at 320 K with a 2 mM protein sample in 50 mM phosphate buffer, 90% H20/10% D20, pH = 7.0. 
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was observed in the second conformer. Since the chemical 
shift differences o f  the corresponding protons in these two 
conformers are very close, we cannot  observe directly 
exchange cross peaks between them. However, the detailed 
structural differences and exchange kinetics between these 
two conformers will be revealed after the final structures 
have been determined. 

Conclusions 

Functionally, RC-RNase is very similar to P-30; both 
possess ribonuclease and lectin activities. Both are also 
cytotoxic. The secondary structural features deduced from 
the present study are very similar to those found in the 
X-ray crystal structure o f  P-30. Both contain two three- 
stranded antiparallel [5-sheets and three short t~-helices. 
Even more striking are the nearly identical locations of  
these secondary structures in the two sequences, as shown 
in Fig. 6. Thus, we expect RC=R~qase to adopt  a similar 
bowl-shaped three-dimensional structure as that o f  P-30. 
In fact, the preliminary low-resolution structure of  RC- 
RNase, as deduced from limited numbers o f  N O E  con- 
straints, supports our speculation (Chen et al., unpub- 
lished observations). Furthermore, addition o f  cytidylyl- 
(2'-5')-guanosine, a substrate analog, caused shifts in the 
proton resonances of  several residues (Chen et al., unpub- 
lished observations). The corresponding residues in P-30, 
located at the putative substrate binding cleft, thus fur- 
ther confirmed the structural similarity between these two 
proteins. We are in the process of  calculating the detailed 
3D structure of  RC-RNase. 
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