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Abstract: The  ribosome-inactivating  protein  a-Sarcin (as)  is a 
150-residue fungal  ribonuclease  that,  after  entering sensitive 
cells, selectively cleaves a  single phosphodiester  bond in an uni- 
versally conserved  sequence of  the  major  rRNA  to inactivate the 
ribosome  and  thus exert  its cytotoxic  action.  As a first  step  to- 
ward establishing the structure-dynamics-function  relationships 
in this  system, we have  carried  out  the  assignment  of  the 'H 
and I5N NMR  spectrum  of as on  the basis  of homonuclear 
('H-IH)  and  heteronuclear  ('H-"N)  two-dimensional  correla- 
tion  spectra  of a uniformly "N-labeled sample,  and  two selec- 
tively "N-labeled (Tyr  and  Phe)  samples,  as well as a single 
three-dimensional  experiment.  The  secondary  structure  of as,  
as derived from  the characteristic patterns of dipolar connectiv- 
ities between backbone  protons,  conformational chemical shifts, 
and  the  protection of backbone  amide  protons against  exchange, 
consists  of a long  N-terminal  0-hairpin, a short  a-helical seg- 
ment,  and a C-terminal @-sheet of five short  strands  arranged 
in  a + 1 ,+ 1 ,+ 1, + 1 topology,  connected by long loops in which 
the 13 Pro residues  are  located. 

Keywords: a-Sarcin; nuclear  magnetic  resonance;  protein  struc- 
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a-Sarcin is a cytotoxin  produced by the mold Aspergillus gigan- 
teus; it is a ribosome-inactivating  protein  and  inhibits  protein 
synthesis by cleaving a single phosphodiester  bond  in a strictly 
conserved  sequence  in the largest rRNA  (Wool, 1984), which has 
been implicated in translocation  (Wool et al., 1992). Addition- 
ally,  the  protein  must  enter cells to exert its  ribonucleolytic  ac- 
tion  on  the  ribosome,  translocating  across  certain  types  of 
membranes  (for a review see Gasset  et al., 1994). Therefore, this 
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protein  interacts with membrane lipids and hydrolyzes ribosomal 
RNA with high specificity. 

The  amino  acid  sequence of aS (150 residues) is almost  co- 
incident with those  of three  other proteins  produced by different 
Aspergillus strains: mitogillin and restrictocin,  both from A .  res- 
trictus (85% identity),  and allergen I from A .  fumigatus (86% 
identity). These  constitute a clearly defined family  of fungal ex- 
tracellular  ribonucleases,  more closely related  to  the  group  of 
the  smaller  fungal  ribonucleases of the TI family (Sacco  et al., 
1983; Mancheiio  et al., 1995) than  to  the  other well known  fam- 
ilies, bacterial  and  mammalian,  of  extracellular  ribonucleases 
(Hill et al., 1983). However,  the  larger size, the high specific- 
ity,  and  the ability to  interact  with biological membranes  are 
unique  to  this  group  of  ribonucleases. 

Despite extensive studies on  the ribonucleolytic activity (Endo 
et  al., 1983, 1990), the protein-lipid interaction,  and  the  cyto- 
toxic activity of as (Gasset et  al., 1994 and references therein), 
little is known about  the  structure of this  protein. In this respect, 
only a spectroscopic  characterization  of  the  protein  conforma- 
tion  (Martinez del Pozo et al., 1988), and a sequence  homology- 
based  predictive  study have  been reported  (Mancheiio et al., 
1995). However,  interest in the  elucidation of the  three-dimen- 
sional  (3D)  structure  of  any  member  of  this  protein family has 
been put  forward in the  literature,  and  preliminary  crystallo- 
graphic  reports  (Martinez & Smith, 1991) and  attempts  (Wool, 
1984) on  this  line were reported  initially,  without  further  con- 
firmation  or success. 

Knowledge of the  3D  structure of as is a first  step to  achieve 
our  final  goal  of  interpreting  the  cytotoxic  action  of (YS at  the 
molecular level. We are  studying  this  molecule by NMR spec- 
troscopy with the  aim  of  obtaining  sufficient  data  for a high- 
resolution  structure  determination.  As a prerequisite, however, 
the  assignment  of  all  resonances  and  their  correlations is nec- 
essary to allow the  identification of structural  constraints  to  be 
used  in the  calculation  of  the  3D  structure.  In  this  report, we 
present the assignment of  the  proton  and  nitrogen  spectra of  all 
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non-proline residues of as, and outline the elements of second- 
ary structure as deduced from  the analysis of the NMR data. 

Purification  and overexpression  of a s  in bacteria was 
achieved as described (Lacadena et al., 1994).  "N uniformly 
labeled protein was produced by growing the bacteria in M9 
minimal medium containing "NH4CI as  the only source of ni- 
trogen. Appropriate Escherichia coli strains were  used to produce 
recombinant as  labeled selectively with 15N-Tyr or "N-Phe, as 
described (McIntosh & Dahlquist, 1990; Yamakasi et al., 1992). 
The isolated recombinant isotopically labeled CUSS, as well as that 
purified from  the extracellular media of the  mold, were homo- 
geneous and retained their native conformation according to 
their HPLC and PAGE-SDS behavior, amino acid composition, 
spectroscopic features, and ribonucleolytic activity. This char- 
acterization of the purified  proteins was performed routinely 
with all the samples used  in this study. Most NMR spectra were 
obtained at 600 MHz,  and some  others at 750 MHz, with -2 mM 
concentration  protein  samples, 50 mM NaCl, in 90/10 (v/v) 
H20/D20 mixtures. Two-dimensional (2D) spectra at a variety 
of experimental conditions of pH (4.0 and 6.0) and temperature 
(25,30,33, 35, and 38 "C) were recorded and analyzed to resolve 
for spectral overlap and  to check the hypothesis formulated 
along the assignment  process in different experimental data sets. 
A sample in D20  (pH  6.0, 35 "C) was  used for obtaining  infor- 
mation about the chemical exchange of backbone amide protons. 

The assignment process was conducted by using the classical 
sequence-specific strategy (Wiithrich, 1986) and was based on 
COSY (Aue et al., 1976), TOCSY (Bax & Davis, 1985), and 
NOESY (Kumar et al., 1980) homonuclear 2D spectra,  HSQC 
(Bodenhausen & Ruben, 1980) 2D heteronuclear  spectra, and 
NOESY-HSQC 3D spectra (Palmer et al., 1992). HSQC  and 
"N-filtered NOESY (Otting et al., 1986)  were recorded for  the 
selectively labeled samples. On  the basis of the sequence of CUS 
(150 residues, 13 Pro), 136 independent spin systems are ex- 
pected in the HN to  Ha fingerprint region of 2D correlation 
spectra. In a first stage of the assignment process, about  one half 
of the intraresidual HN to H, correlations were classified into 
different spin systems (and sometimes particular amino acids) 
according to the chemical shifts of their associated side-chain 
protons,  as obtained from COSY and TOCSY spectra, and 
backbone nitrogen resonances present in the HSQC. Extensive 
overlap and poor TOCSY transfer (even  when a variety of mix- 
ing  times  of 30, 60, 70, and 90 ms  were used) precluded the clas- 
sification and even detection of the rest of the expected spin 
systems, which  were only identified after their sequence-specific 
assignment. The severe spin diffusion present in the 3D  NOESY- 
HSQC spectrum at 150  ms  mixing time facilitated the establish- 
ment of pairs of  consecutive  systems by their symmetric and very 
often detectable HN to HN NOE. These were complemented by 
the observation of H, to HN and side-chain protons to  HN con- 
tacts in the set of NOE cross peaks to  the  HN resonances at 
each corresponding 15N plane in the 3D spectrum, thus defin- 
ing the  direction of the pair in the protein sequence. Unambig- 
uous  pairs were then assembled in stretches of residues. The 
location of the 13 Pro residues in the  protein sequence deter- 
mines  12 polypeptide fragments within which H, to HN and HN 
to H N  sequential  connectivities  could in principle be estab- 
lished. The sequential assignment of a whole stretch of spin sys- 
tems was then achieved when the  nature  and  order of the spin 
systems could only match a  unique sequence in one of the 12 
non-prolyl fragments. The identification in the HSQC spectrum 
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of the N, to HN cross peaks corresponding to the eight Tyr and 
the six Phe residues in the spectra of the two selectively labeled 
samples were  of great help on applying the outlined procedure. 
All assignments made on  the basis of dipolar  correlations in 
NOESY spectra (mixing  times of 50, 100, 120, and 150 ms)  were 
checked subsequently and in most cases confirmed in the sca- 
lar connectivities present in COSY and TOCSY experiments. 
The complete HSQC spectrum is shown in Figure 1. All peaks 
have been assigned as indicated in the labels attached to them. 
It was also possible to assign at least some of the side-chain pro- 
ton resonances of most residues and all side-chain nitrogen res- 
onances of Trp, Asn, Gln,  and Arg. Despite the severe overlap 
and broadening observed for several aromatic proton resonances, 
the connection of them to the  corresponding N,-HN-H,-H,, 
spin system was unambiguously performed in most cases. For 
11 Pro residues of the 13 present,  it was possible to identify the 
conformation of the corresponding X-Pro peptide bond based 
on  the  characteristic sequential NOES between protons. These 
were Pro 13 (trans), Pro 38 (trans), Pro 49 (cis), Pro 63 (trans), 
Pro 68 (trans), Pro 79 (trans), Pro 98 (trans), Pro 101 (trans), 
Pro 113 (cis), Pro 117 (trans), and  Pro 127 (trans). Assignment 
of some Pro resonances is  yet to be accomplished. 
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Fig. 1. 750 MHz 'H-I5N HSQC spectrum of  or-Sarcin (pH 4.0, 33 "C). 
All correlations have  been  assigned and labeled according to residue type 
and sequence number, and the atom type is also indicated for side-chain 
correlations (those from Asn and Gln joined by horizontal lines). Folded 
peaks (in the I5N dimension) are indicated with the  asterisk. 
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An  initial  characterization of the  structure  can  be  obtained 
considering a few well-resolved and  unambiguously assigned 
NOEs  that  correspond  to  the  characteristic  patterns  of  second- 
ary  structure  elements  (Wuthrich, 1986). In  particular,  the rel- 
ative  intensities of sequential  NOEs  constitute  an  important 
source  for  the  characterization  of  secondary  structure  elements 
and  are  shown schematically  in  Figure  2.  These observations  are 
further  supported by other  independent  NMR  parameters:  con- 
formational chemical shifts (Jimenez et  al., 1987; Wishart et al., 
1991) and  amide  proton  exchange  properties  (Englander & 
Kallenback, 1984), which are represented  against the protein se- 
quence in Figure  3 and Figure 2, respectively. On this basis, three 
elements of regular secondary  structure have been characterized 
in as: a long  N-terminal  &hairpin, a short  a-helical  segment, 
and a C-terminal antiparallel  0-sheet. The first two  0-strands de- 
fining  the  hairpin  comprise  the residues 3-12 (01) and 17-26 
(p2),  the  turn  of  the  hairpin residing in residues 13-16. Residues 
29-34 form a short  a-helix with  scarcely two  turns.  This  con- 
trasts with the  other ribonucleases  displaying  significant  degree 
of similarity with as ,  where a  long helical fragment is found  and 
appears  to stabilize the molecular structure by forming a hydro- 
phobic  core with the /.?-sheet (Hill et al., 1983; Sevcik et al., 
1990). The  C-terminal @-sheet  of as is composed of five short 
strands, p3 (49-52), p4 (93-98), (120-126), p6 (132-138), and 
/3, (144-148), arranged in  a +1,+1,+1,+1 topology, as  shown 
in Figure  4. It is remarkable  that  predictive  methods suggested 
an  identical  arrangement of  /3-strands in (YS (Mancheiio et al., 
1995). Taking into  account  the characterized structure, only one 
third of the residues are  found in repetitive secondary  structure 
elements  and  the rest constitute  the  numerous  and  long  loops 
of  the  protein  structure,  where  the 13 Pro are  located. 

Knowledge of the  determined  secondary  structure  of as  al- 
ready sheds  some light into  the  molecular basis of the two main 
activities of  the  protein. It has been  suggested on  the basis of 
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Fig. 2. Summary  of  the  sequential HN  to  HN and H, to   HN NOE con- 
nectivities  and  the  protection  of  backbone  amide  protons  against ex- 
change  found for as. NOE data were obtained  from  a single 2D NOESY 
spectrum  recorded  at 600 MHz with  a  mixing  time of 120 rns on a 2 mM 
sample  of as at  38 "C  and  pH 4.0. The  intensity of the  corresponding 
NOE cross  peak is encoded  in  the  thickness  of  the  line.  The X-Pro con- 
nectivities assigned are  indicated  with  the  asterisk  and  are  those  expected 
for cis (H, to H,) or trans (H, to H66') conformation,  according  to  the 
conformation  of  each X-Pro (see  text).  In  the  exchange  plot,  a  dot  in- 
dicates  that  the  amide  proton  of  that  residue  remains  in D 2 0  solution 
at least for  2  h.  Secondary  structure  elements  are  identified  at  the  bottom. 
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Fig. 3. Analysis of the  secondary  structure elements of a-Sarcin  accord- 
ing to  the  conformational  shifts of (Y protons ('Ha), backbone  amide 
nitrogens (lSNH), and  backbone  amide  protons (IHN). Chemical  shifts 
are  those  obtained  from  a  single  2D NOESY spectrum  recorded  at 
750 MHz with a mixing time of 150 ms on  a  2  mM  sample  of as at 33 "C 
and  pH 4.0. Conformational  shifts  are  calculated  as  the  difference  be- 
tween the  observed value and  that expected for  the  random coil (Wishart 
et al., 1995). Secondary  structure  elements  identified  are  indicated  on 
top. 

sequence  similarity (Sacco et  al., 1983; Mancheiio et al., 1995) 
and  mutagenesis  (Lacadena  et  al., 1995) studies  that  His 50, 
Glu  96,  Arg 121, and  His 137 would  correspond  to  the active 
site  residues found in the  enzymes  of  the  ribonuclease T I  fam- 
ily (His 40, Glu 61, Arg 121, and  His 137, respectively; TI num- 
bering). The  arrangement of these residues  in the  C-terminal 
&sheet of aS is such  that they come close in the  folded  protein. 
Therefore,  the  characterized  structure gives additional  support 
to  the  concept  of  those residues forming  part of the aS recog- 
nition/catalytic site. With respect to  the lipid interaction  capa- 
bilities of as, this study confirms  the existence of  a hydrophobic 

Fig. 4. Schematic  diagram  showing  the NOE connectivities  between 
backbone  protons  that allow definition  of  the  extension  of  the  &strands 
and  their  connection  topology,  as  present  in as. An  arrow  connecting 
two  protons is drawn  when  an NOE between  them is observed  in  the 
NOESY spectrum at 120-ms mixing time. Dashed  arrows represent NOE 
connectivities that  cannot  be  assigned  unambiguously or observed  due 
to  overlap with  sequential  signals or closeness to  the  diagonal, respec- 
tively. Slow exchanging amide  protons  are represented in bold,  and  those 
remaining  after 140 h  in D20 are  indicated  with  the  big H. 
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domain defined by a nucleus of 6-sheet that would  allow the hy- 
drophobic interaction with bilayers (Mancheiio et al., 1995). In 
addition, the presence of  many potentially flexible loops could 
be envisioned as essential parts of a  conformational switch 
mechanism, which on contacting the bilayer, would change their 
relative position and allow the 0-sheet hydrophobic  core to be 
displayed to interact with the acyl chains of phosphoIipids. 

In summary, the almost complete assignment of the proton 
and nitrogen spectra of as has been achieved, thus paving the 
way for the determination of the 3D structure of as in solution. 
Structure  calculation is  in progress. Detailed knowledge of this 
structure will provide important advances in our understanding 
of this relevant group of enzymes. 
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