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Abstract 

The three-dimensional structure of the complexes of ribonuclease A with cytidyl-2’,Sf-adenosine (2’,5’-CpA) and 
deoxycytidyl-3’,5’-deoxyadenosine [3’,5’-d(CpA)] in aqueous solution has been determined by ‘H NMR methods 
in combination with restrained  molecular  dynamics  calculations.  Twenty-three  intermolecular NOE cross- 
correlations for the 3’,5’-d(CpA)  complex and 19 for  the 2’,5’-CpA, together with about 1 ,OOO intramolecular NOES 
assigned for each complex, were translated into distance constraints and used in the  calculation.  No significant 
changes in the global structure of the enzyme occur upon complex formation. The side chains of His 12, Thr 45, 
His 119, and  the amide  backbone group of Phe 120 are involved directly in the binding of the ligands at  the ac- 
tive site. The conformation of the two bases is anti in the two complexes, but  differs from the crystal structure 
in the  conformation of the two sugar rings in 3’,5’-d(CpA), shown to be  in the S-type region, as deduced from 
an analysis of couplings between the ribose protons. His 119  is found in the two complexes in only one  confor- 
mation, corresponding to position A in the free protein. Side chains of Asn 67, Gln 69, Asn 71, and Glu 11  1 form 
transient  hydrogen  bonds with the adenine  base, showing the existence of a  pronounced flexibility of these en- 
zyme side chains at  the binding site of the downstream  adenine. All other general features  on the structures co- 
incide clearly with those observed in the crystal state. 

Keywords: binding interactions;  bound nucleotide conformation; 2D NMR solution  structure; 2’,5’-CpA RNase 
complex; 3‘,5’-d(CpA) RNase complex 

Bovine pancreatic ribonuclease (RNase A, EC 3.1.27.5)  is a well- 
known enzyme and has been studied extensively by a large va- 
riety of chemical-physical methods  (for reviews see Richards & 
Wyckoff, 1971; Blackburn &Moore, 1982; Eftink & Biltonen, 
1987). From a structural point of view, RNase A has been in- 
vestigated thoroughly by X-ray diffraction analysis and, as a re- 
sult, a number of precise three-dimensional structures  are 
presently available for crystals under  somewhat  different con- 
ditions (Borkakoti et al., 1982; Wlodawer et al., 1983, 1988; 
Wlodawer, 1984). On  the other hand, a highly refined structure 
of RNase A in aqueous  solution  has been determined recently 
by NMR methods (Santoro et al., 1993). 

Reprint requests to: Manuel Rico, Instituto de Estructura de la Ma- 
teria, CSIC, Serrano 119, 28006 Madrid, Spain. 

Abbreviations: 2‘,5’-CpA, cytidyl-2’,5’-adenosine; 3’,5‘-d(CpA), 
deoxycytidyl-3’,5’-deoxyadenosine; COSY, correlation spectroscopy; 
DQF-COSY, double-quantum filter-COSY; TOCSY, total correlation 
spectroscopy; NOESY, NOE spectroscopy; TSP, sodium 3-trimethylsilyl 
(2,2,3,3-2H4) propionate. 

RNase A is a small (124 residues, 13.7 kDa) pyrimidine- 
specific  ribonuclease that catalyzes the cleavage of single- 
stranded RNA to yield pyrimidine-2’,3’-cyclic phosphates that 
are subsequently hydrolized to 3’-nucleotides. A preliminary de- 
scription of aminoacyl residues involved in the catalytic process 
was obtained from chemical modification studies and analysis 
of pH dependence of enzymatic activity (Findlay et al., 1962; 
Crestfield et al., 1963; Hirs et al., 1965). A  more detailed view 
of the geometry of the active site was achieved by studying the 
complexes between RNase A and several substrate analogues. 
A number of  complexes  with mono- and dinucleotides have  been 
studied by X-ray crystallography (Wodak et al., 1977; Pavlov- 
sky et al., 1978; Borkakoti et al., 1983; Howlin et al., 1987; Lis- 
garten et al., 1993; Zegers et al., 1994), neutron  diffraction 
(Wlodawer et al., 1983), and NMR spectroscopy (Haar et al., 
1974; Hahn & Ruterjans, 1985; Hahn et al., 1985). These stud- 
ies led to  the identification of His 12 and His 119 as essential 
residues for enzymatic activity, acting, respectively, as a general 
base and a general acid, as well as Lys 41, which is thought to 
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be involved in the stabilization  of the penta-coordinate phospho- 
rous  atom  in  the  transition  state. Residues Thr 45 and  Phe 120 
participate  directly  in  the  binding  of  the  substrate  at  the  active 
site,  whereas  Gln  69,  Asn  71,  and Glu 11 1 have been proposed 
to interact  with the  adenine base at  the B2 subsite (Wodak  et al., 
1977; Fontecilla-Camps  et  al., 1994;  Zegers  et al., 1994; see de 
Llorens  et  al., 1989 for a pictorial  description  of  subsites). 

Structural  studies in aqueous  solution  of  various  complexes 
between RNase A and  mononucleotides  have been conducted 
by NMR.  In  early  1D  NMR  works,  the  structural  information 
was obtained by monitoring  the  resonances of  H6* and  H“ his- 
tidine  protons  of  the  protein  as well as  the  H5  and  H6  protons 
of the pyrimidine  nucleotides (Haar et al., 1974). More recently, 
two-dimensional  NMR was applied  to  study  the 2‘- and 3”pyri- 
midine  nucleotide  complexes  (Hahn & Ruterjans, 1985). Pro- 
ton resonances  of 21 amino acid residues were assigned and used 
to  locate  conformational  changes  associated  to  the base type 
(cytidine  or  uridine)  and/or  the 2‘- or 3’- position  of  the  phos- 
phate  group  in  the  nucleotide.  Once given the  small  number of 
assigned proton  probes,  the  conclusions  of these works were 
necessarily of a fragmentary  character.  More recently, solution 
structural  studies  of  the  complexes between RNase A and  four 
mononucleotides (2’-CMP,  2’-UMP, 3’-CMP,  and  3’-UMP)  on 
the basis of  the  complete  assignments of the  free  protein have 
been conducted  and a preliminary  report  has been given (Bruix 
et al., 1991). 

In  spite  of  this  large  body  of  structural  studies,  there  are still 
some  questions  that  remain  about  the  interactions  of enzyme- 
substrate  that  may have a role  in  the processes of  binding  and 
catalysis. The  two dinucleoside  mono-phosphates 2’,5’-CpA and 
3’,5’-d(CpA)  are  not  substrates,  but  rather  they  serve  as  com- 
petitive inhibitors.  However,  once given their close relationship 
to  actual  substrates,  the study of  the  structure of these complexes 
will necessarily provide insights into  the mechanism  of the  trans- 
esterification  reaction.  Some of these  open  questions,  related, 
for  instance,  to  the residues  involved  in the specific binding  of 
substrates  extending  beyond  the  active site or to which  of the 
two  alternative positions  of the side  chain  of  His 119 is the really 
active  on  the  transesterification  step,  have  ben  answered by 
X-ray  diffraction  structural  studies  (Fontecilla-Camps et al., 
1994; Zegers et al., 1994). However, results pertinent to  the crys- 
tal  state  may  not always be directly extrapolable to  the  solution 
state, so the derived structural  features  must be tested by study- 
ing the  structure  of  the  complexes in aqueous  solution.  This is 
the  main  objective  of  this  work, in which the  three-dimensional 
structure of the complexes of  RNase  A with 2’,5’-CpA and  3’3’- 
d(CpA)  has been determined by NMR  methods, with  a view of 
obtaining  meaningful  conclusions  about similarities and  differ- 
ences  in the  structural  and  dynamics  of these complexes  in  the 
solution  and  crystal  states. 

Results 

Standard  2D  NMR  methodology was used to  assign the  proton 
spectra  (Wiithrich, 1986). The process  was  greatly  facilitated by 
the  previous  assignment  of  the  free  enzyme  (Rico  et  al., 1989; 
Robertson et al., 1989). The assignment  of the  dinucleotide res- 
onances was mainly  based on  TOCSY  and  COSY  experiments 
carried out with samples with a 2: 1 protein:ligand ratio  at pH 5.5 
in  DzO.  In  both  complexes,  the  sugar  spin systems  were iden- 
tified separately by successive 3J coupling  correlations  starting 

from  the  anomeric  H1’  protons, which have a characteristic 
chemical  shift  in  the 5.90-6.40 ppm  region.  Intramolecular 
NOES involving Hl’ ,  H2’,  and  H2”  protons  of  the  sugar  rings 
with  the  base  protons allowed the  identification  of  sugar  and 
base  moieties  belonging to  the  same  nucleotide (see Figs. 1, 2). 
The  complete list of  protein  and  dinucleoside  monophosphate 
proton  assignments  are  reported  in  the  Electronic  Appendix. 

Chemical shift  differences between free 
and complexed RNase A 

Most of the chemical shift  variations  that  occur  with  complex 
formation  are  located  in very restricted regions of  the  protein 
sequence (see Fig.  3), whose residues display relatively large 
chemical  shift  changes  in  their HN  and   Ha  resonances.  Thus, 
the regions 8-12,41-46, and 118-122, which are considered part 
of  the  active  site,  show  changes  in  the  chemical  shifts  of their 
backbone  protons,  as well as  the regions 83-85 and 106-108, in 
the  6-strands  adjacent  to  it.  There  are  some differences between 
the observed chemical shift  variations  in the  two complexes. The 
H N  resonance in residue 20 is only  affected in the 2’,5’-CpA 
complex, whereas the H N  resonance  of residues 80 and 122 are 
significantly  shifted in the 3’,5’-d(CpA) complex  only.  Also, 
H N  chemical shift  changes  in  the region 66-69, which is part  of 
the adenine  binding  site, are larger in 3’,5’-d(CpA) complex than 
in  the 2’,5’-CpA one. 

The  amide  proton  resonances of Thr 45 and  Phe 120 deserve 
special attention.  These  two  resonances  are  not  observed in 
the  spectra  recorded  at p H  5 . 5 .  In  the 3’-5’d(CpA) complex, 
the  change  in  the  amide  proton  chemical  shift of Phe 120 is 
-0.10 ppm  at p H  4.0 and -0.48 ppm  at   pH 4.5. This  differen- 
tial  change with pH  must  be  attributed  primarily  to  the  change 
in the  ionization  state  of  the  phosphodiester  group when going 
from  the  mono-  to  the  di-anionic  form, which  implies the  in- 
volvement  of this  amide  proton in its  binding.  As  indicated by 
the  change  in  chemical  shift with the relative concentration  of 
enzyme  and  ligand,  the  free  and  complexed  proteins  are  in  the 
fast  to  intermediate  range  of  exchange  on  the  NMR  time scale. 
The  amide  proton  resonance  of  Phe 120 at  pH 5.5 must be 
exchange-broadened  beyond  detection, which can  be  due  to a 
still larger value of  the  binding  chemical  shift  as well as a lower 
value  of  the  dissociation  exchange  rate. A similar effect  must 
be  operating  for  the  amide  proton  of  Thr 45 in both complexes. 

Some side-chain protons  present a large  chemical  shift vari- 
ation with complex  formation.  Thus,  the  6-proton  resonances 
of Ser 123 show a  significant  splitting [O. 1  1 ppm  in  the  one with 
3’,5’-d(CpA)  and 0.08 ppm in the  one with  2’,5’-CpA],  which 
is not  present  in  the  free  enzyme.  Similarly,  the  proton  reso- 
nances  of  the  y-methyl  groups of Val 43 show  splittings of 
+O. 15 ppm in the  3’,5’-d(CpA)  complex  and  +0.23  ppm in the 
2‘,5’-CpA one, which can  be related to  the  adoption by the side 
chain  of a more fixed conformation  around  x1  than  the  mo- 
tional  averaged  one  corresponding  to  the  free  enzyme.  Some 
other  proton  resonances significantly affected by complexation 
are  one  of  the  HPs  of  Cys 84 and  that  of  the  methyl  group in 
Ala 109. Methyl  protons  of Val 118 and  one  of  the  HPs of 
His 119 show  large  chemical  shift  differences between the  two 
complexes.  In  both  cases,  the  chemical  shift  variation  that  oc- 
curs  with  complex  formation is larger in the 3’,5’-d(CpA). 

The  aromatic  protons  of  Phe 120 and  those in the side chains 
of  His  12  and  His 119 (both residues  involved in  the  catalytic 
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process), undergo important chemical shift  variation on com- 
plexation (see Table S4 in the Electronic Appendix). Particularly 
important is the chemical shift variation of the resonances cor- 
responding to  the aromatic  protons H6 of Phe 120 [-0.32 ppm 
for 2’,5’-CpA complex and -0.45 ppm for 3’,5’-d(CpA) com- 
plex] and H6* of His 119 [-0.38 ppm and -0.7 ppm for 2’,5’- 
CpA  and 3’,5’-d(CpA)]. As discussed below, those up-field 
shifts  must be a consequence of the pseudo-stacking found be- 
tween these two aromatic side chains with the cytidine and  ad- 
enine bases, respectively. 

All of the above differences in chemical shifts refer to resi- 
dues at the active site or in their surroundings. In contrast, most 

of the enzyme proton resonances are virtually unaffected  upon 
complexation.  This fact strongly indicates that  the binding of 
these two  inhibitors  do  not induce global  conformational 
changes in the enzyme. Shifts observed in the vicinity of the li- 
gand may have their origin in either conformational rearrange- 
ments of groups in the enzyme or in field effects arising from 
anisotropic  groups of the nucleotides, mainly ring current  ef- 
fects from  the cytidine or adenine bases. These effects have been 
calculated in the resulting three-dimensional structures. The ring 
current shifts for NH and Hg protons are included in the Elec- 
tronic Appendix. The  areas of the sequence affected by the ring 
currents coincide  with the regions  with larger chemical shift vari- 
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Fig. 2. Selected region of the two-dimensional NOESY spectra RNase A/2',5'-CpA 1 :1 complex (4 mM,  pH 5 .5 ,  35 "C,  D@), 
showing intradinucleotide NOEs and  intermolecular NOEs with Ala  4, Lys 41, Val 43, Ala 109, Glu 11 1, Val 118, His 119 and 
Ala 122. 

ations on complex formation, indicating that the presence of the Resonances of the dinucleoside monophosphates also undergo 
two nucleotide rings in the complexes is mainly responsible for chemical shift changes when bound to the enzyme  (see Table 1). 
the observed changes. These variations are larger in the cytosine than in the adenosine 
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Fig. 3. Chemical shift variation on  complex  formation in the protein backbone resonances for RNase A/2',5'-CpA  (top)  and 
RNase A/3',5'-d(CpA)  complex  (bottom) for 1:2 complexes (pH  5.5, T =  35 degrees). *, only observed in the 1:1 complex; + 
and #, chemical shift measured at pH lower than 5.5. 

moiety. In the 3',5'-d(CpA) complex, the deoxycytidine protons 
H2' and H2" are particularly  affected by the complexation, as 
shown by their chemical shift variation, which amounts to -0.66 
and -0.47 ppm, respectively. In both complexes, changes in 
chemical shift  of the adenine protons  are very similar, with H8 
being the  one affected most (+0.19 ppm). 

Distance constraints 

Once it was accepted that  no global changes in the  structure of 
the  protein occur with ligand binding, attention was focused on 

the differences between the complexes and  the free forms of the 
enzyme rather than in a complete de  novo  structural  determi- 
nation. The analysis of the NOESY spectra was then  confined 
mainly to signals from residues showing significant chemical 
shift changes. The pattern of intramolecular NOE constraints 
in both complexes is rather similar to  that  found in the free en- 
zyme, though  some differences in the NOEs corresponding to 
a few side-chain proton resonances were observed. Intramolec- 
ular constraints for either the enzyme or the ligand were  derived 
from protein saturated or nucleotide saturated samples, respec- 
tively.  Special attention was paid to detect intermolecular NOEs 
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Table 1. Chemical shift variation on complex formation 
in the inhibitor resonances for  the RNase A/2’,5’-CpA 
and RNase A / 3  ‘,5‘-d(CpA) complexesa 

2’,5”CpA 3’,5”d(CpA) 

Cyt . Ade . Cyt . Ade. 

H8 
H2 
H6 
H5 
H1‘ 
H2’ 
H2” 
H3‘ 
H4‘ 
H5’, H5” 

+O. 19 
+0.24 
+0.13 
+ O .  16 

- 

- 
+0.16 
+0.15 

-0.18 - +O. 19 
-0.12 - +o. 10 
- -0.25 - 

- -0.07 
-0.06 -0.19 +0.01 
+0.08 -0.66 +0.07 
- -0.47 +0.03 
0 -0.24 - 

-0.07 - -0.11 
- - -0.1 1 

- 

between the enzyme and each of the dinucleotides, which were 
derived from 1: 1 samples. A  total of 23 intermolecular contacts 
for  the 3’,5’-d(CpA) and 19 for  the 2’,5‘-CpA  complex could be 
detected. They are listed in Table 2. A  number of these inter- 
molecular NOEs as well as some  intradinucleotide  correlations 
are illustrated in Figure 1 [3’,5’-d(CpA) complex] and in Fig- 
ure 2 [2’,5’-CpA)]. Except for  the NOEs corresponding to the 
H2”  proton, which is lacking in 2’,5’-CpA, most of the NOE 
cross-peaks involving the dinucleotide protons  are common to 
both complexes. Thus, contacts are observed  between the cytidyl 
moiety and  protons in residues His 12, Lys 41, Val 43, His 119, 
and Ala 122  in both cases. In the complex with 3’,5’-d(CpA), 
NOE cross-correlations were also detected for residues Phe 120 
and Ser 123. On  the  other  hand, NOE cross-correlations were 
observed in both complexes between the adenyl part of the li- 
gands and residues Ala 4, Glu 11 1, Val 118, and His  119. An ad- 
ditional  contact was observed with residue  Ala 109 in the 
2’,5‘-CpA complex. 

Most  of the intramolecular NOEs detected in the free enzyme 
are also found in the complexes.  Especially interesting is the lack 
of conflicting NOEs in the side chain of His 119. In the free en- 
zyme, the H6’ proton of His 119 showed strong NOE cross- 
peaks with protons of Asp 121 and with the two methyls of 
Val 118. No single position of the histidine ring could account 
for all the detected NOEs and two  conformations of the side 
chain of His 119  were assumed to exist  in a rapid conformational 
equilibrium, in order to satisfy all the constraints. In the two di- 
nucleoside monophosphate complexes studied here, only the 
NOEs with Asp 121 were observed.  A very  weak NOE between 
one of the y-methyl of Val  118 and H*’ of His 119  is observed 
in the two complexes, but the corresponding distance constraint 
(<6 A) does  not present any  conflict. 

Three-dimensional structures 

As discussed in the chemical shift  section, we have arrived rea- 
sonably to the conclusion that the  structure of the protein in the 
complex must be  very similar to  that of free enzyme except in 
those regions where changes in the  proton chemical shifts were 
detected. This chemical shift information has  been implemented 

Table 2. Intermolecular distance constraints (A) between 
pairs  of protons as derived from a qualitative evaluation 
of NOE cross-correlations 

Proton  pair 2’,5’-CpA 3’,5’-d(CpA) 3’,5’-d(CpA) (RX) 
~~ 

H“ 12 H1’ 
H“ 12 H2” 
P‘ 41 H1’ 
H“ 41 H1‘ 
Hf2  41 H1‘ 
Cy2 43 H6 
Cy2 43 H1’ 
H@ 43 HI’ 
H’ 43 H5 
Cy2 43 H5 
H“ 119 H3’ 
H“ 119 P5’ 
H“ 119 H2’ 
H“ 119 H 2  
H“ 120 H5 
H” 122 H5 
C@ 122 H5 
H N  123 H5 
H“ 4 HI’ 
C’ 4 H2 
C@ 4 HI’ 
C@ 109 H2 
Ho2 111 H2 
Ho3 111 H2 
HY’ 111 H2 
HY2 111 H2 
Cy2 118 H2 
Cy’  118 H2 
CT2 118 H2 
Cy’ 118 H8 
Ho2 119 H1’ 
H“ 119 H8 

4.0 
- 

4.0 
3.0 
6.0 
6.0 

5.0 
5.0 

- 

4.5 
- 

6.0 
4.0 
5.0 
5.0 
5 .O 
5.0 
6.0 
6.0 
4.0 

- 

4.0 
5.0 

- 

4.0 
5.0 

ps 4.9a 

- 

5.0 
5.2 
4.5 
4.5 
5.0 

ps 5.9a 
- 

5.0 
5 .O 
5.0 
3.5 
5.0 
5.0 
5.0 
6.0 
- 

ps 4.9a 
- 

- 

4.0 
6.0 
5.0 
5.0 

- 

2.7 
2.5 
6.1 
- 

4.5 
4.8 
4.4 
4.9 
4.3 
2.6 
4.3 
3.6 
4.8 
5.0 
3.8 
5.4 
5.3 
6.9 
6.6 
6.2 
4.6 

- 

4.5 
3.0 

- 

- 
3.2 
5.3 
4.0 
7.1 
4.7 
3.8 

a ps,  distance  constraint is set to the  pseudo  atom  position.  The  cor- 
responding  correction in the  distance limit is included. 

in our molecular  dynamics  calculation by constraining the 
atomic position in all regions of the protein where there was no 
significant variation in chemical shifts. Residues  with a binding 
chemical shift larger than  a certain threshold have been allowed 
to move during  the  simulation (see Materials and methods). 
Thus, all  residues  involved in the active site and those which  were 
found flexible in the  free enzyme were not  constrained. By 
adopting very conservative thresholds for the chemical shift vari- 
ations (0.05 ppm for  Ha  and  0.1 ppm for H N  protons), a total 
of 12 residues were constrained in their backbone and 62 more 
in their side chains.  Constrained and nonconstrained residues 
are displayed in different colors in Kinemage 6 in the Electronic 
Appendix. 

Residual distance constraint violations as well as values of the 
most significant energy terms in the final  structures are give! 
in Table 3. No distance restraint is violated by more than 0.9  A 
in any of the resulting structures.  The  final  structures fulfil all 
the intermolecular restraints with  very small residual violations. 
Only  minor  average  deviations from ideal geometry (bond 
lengths, bond angles, and improper torsion angles) are observed. 
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Table 3. Structure statisticsa 

Complex 

Range 2’,5’-CpA 3’,5’-d(CpA) 

0.10-0.25 27.9 44.0 
0.25-0.50 20.1  18.6 
0.50-0.75 1.6 5.7 
0.75-1.00 I .7 0.4 
> I  0 0 
Max. viol. (A) 0.9 0.7 
Sum of viol. (A) 12.0  16.6 

Ave. total energyb -8,573 -8,428 
Total energy range -8,934 to -7,976 -9,411 to -8,025 
Ave. Lennard-Jones energy -4,730 -4,657 
Lennard-Jones energy range -4,774 to -4,678 -4,715 to -4,560 
Ave. NOE term 117 151 
NOE term range 104-130 107-137 

a Average values for the eight resulting structures of each complex. 
Energy units are kJ/mol. 
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The structures show large and negative values of the Lennard- 
Jones and electrostatic energy terms, comparable to the ones ob- 
tained for  the free enzyme (Santoro et al., 1993). In spite of the 
additional restraint  concerning the  atomic position of a large 
number of residues introduced in the calculation, the residual 
distance  constraint violation in the final  structures was very 
small.  This indicates that  the experimental  distance  constraints 
obtained from  the NOE data  are consistent with the restraints 
imposed on  the basis of the chemical shift  information. 

Overall, the resulting structures are well-defined, with a pair- 
wise RMS deviation (RMSD)  of 0.2 A [3’,5’-d(CpA)] and 0.3 A 
(2’,5’-CpA) for  the protein  backbone and 1.4 A (both com- 
plexes)  if the side chains are included. Figure 4 shows the RMSD 
of  the  backbone torsion angles for the  two complexes. The larg- 
est deviation (region 87-88) corresponds to  one of the most flex- 
ible regions of the free enzyme. Differences in this  loop region 
are not related to  the presence or absence of an inhibitor, be- 
cause  analogous profiles are observed when representing the 
RMSDs of  independently converged structures of the free en- 
zyme as a  function of the sequence. The C-terminal region also 
shows a significant deviation in the 3’,5’-d(CpA)  complex,  which 
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Fig. 4. Differences in the  backbone  torsion angles (4 in white and in black) between the  free enzyme and the two RNase A/ 
dinucleotide complexes, compared with RMSD for the  same angles in the  free enzyme. 
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is concentrated in residues 119-122. Figure 5 shows a superposi- 
tion  of  the active  site  in the eight final  structures  for  both  com- 
plexes. The  average  structures  are  displayed  in  Figure 6. The 
relatively large RMSD of the inhibitor atoms (1.2 A) do not have 
their  origin  in the base and  sugar moieties of  both dinucleotides, 
which are well defined,  but  in  the  connecting  regions between 
the  two  sugars  (the  phosphodiester  group).  This  poor definition 
is due  to  the lack of  NOE-derived  experimental  constraints  in 
this  part  of  the  molecule.  Some  of  the  protein side chains  that 
are involved  in the  ligand  binding, or are very close to  it,  are 
well-defined, such  as  His 12, Thr 45, Val 43, His 119, and 
Phe 120. Other  residues,  like  Gln 1 1  and Lys 66, in  the  proxim- 
ity of the  phosphate binding site, or  Asn 67, Gln 69, and  Asn 71, 
involved  in the  adenine  binding site, present a more flexible 
structure.  The intermolecular  hydrogen bonds observed in most 
of  the  final  structures  are listed  in Table 4. 

The  structure  of  the active  site is very similar in the  two  com- 
plexes (see Kinemages 1 ,  2, and 3). His 12 maintains  the  same 
position as in the free enzyme,  forming a hydrogen bond involv- 
ing the  imidazolic H*' and  the  carbonyl oxygen  of Thr 45. The 
proton H" on  the  other  side of the  imidazole ring is hydrogen 
bonded  to  one  of  the  phosphate oxygens. In general, the hydrogen 
bond is not  formed  with  the  same  phosphate oxygen in  all  con- 
verged structures,  but  the  difference  affects  only  to  the relative 
position  of  the oxygen around  the  phosphorous  atom.  Thr 45 
participates  in the binding  process, forming  two hydrogen  bonds: 
one involving the  backbone H N  atom  and  the  carbonyl oxygen 
of  the  cytidine  base,  and  another  involving  the  hydroxylic  pro- 
ton of the  side  chain  and  the  nitrogen  atom in position 3 of  the 
same base. On  the  opposite side of  the active center,  the  back- 
bone H N  proton of Phe 120 is hydrogen  bonded  to  one  of  the 

Table 4. Close contacts ( X .  ' .A  distances lower than 3.5 A )  
between atoms of RNase A and  the  ligand 
_ _ _ _ ~ ~ .  ~ _ _  

Distance 
~ 

Distance 
X . : . A  X . .  . A  

2',5'-CpA  (A)  3',5'-d(CpA) (A) 

Gln 1 1  Hf2  
His 12 H" 
Thr 45 0'' 
Thr  45 HY' 
Thr 45 H N  
His 119 H6' 
Phe 120 HN 
Asp 121 0 

0 I P-02Pa 
H42 

- 

- 
0 2  
Ade 05'-04'  
02pa 
H41 

3 .O 
2.9 

- 

- 
3.5 
3.0 
2.9 
3 .1  

Cyt 0 3 '  3.2 
02pa  3 .0  
H42 3.0 
Cyt N3 3.1 
0 2  3.1 
Ade 05'-04'  3.2 
02pa  3 .4  

- - 

.~ 

" 0 1 P  and 0 2 P  refer  to  oxygen bound to the phosphorous atom. 
. ~~ 

oxygens  of  the  phosphodiester  group  as well as  the  imidazolic 
Ha' proton  of  His 119, which interacts  preferentially  with  the 
ester  oxygen 05'. The  adenine  base is involved  in  several tran- 
sient hydrogen  bonds  with  Asn 67, Gln 69, and  Asn 71. None 
of these bonds  has a population larger than 25% in the  final set 
of  calculated  structures,  and  this is why  they  are  not  included 
in Table 4. The  position  of  the  adenine  base is almost  identical 
in  all the  structures.  Differences  arise  from  the  different  con- 
formation  adopted by the side chain  of residues 67,  69, and 71, 
which are  shown  as highly  flexible  in the  solution  structures. 

Although  NOE cross-correlations between the  H'  protons  of 
Lys 41 and H1' of  the cytidyl ribose ring have been detected in 

I 

Fig. 5. Stereo view of the active site of RNase A/dinucleotide  complexes.  Top: superposition of the eight final structures Of 
RNase  A/3',5'-d(CpA)  complex.  Bottom: superposition of the eight final structures of RNase A/2',5'-CpA  complex. 
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6 6 

6 6 

6 

Fig. 6. Stereo view of the active site in the average solution  structures  compared with the  crystallographic  one.  Top: RNase A/2’,5‘- 
CpA  complex.  Middle:  RNase  A/3‘,5’-d(CpA)  complex  (solution  structure).  Bottom:  RNase  A/3’,5’-d(CpA)  complex  (X-ray 
structure). 

both complexes, no hydrogen bond appears in the final  struc- 
tures attributable  to  the ammonium group of this residue. This 
may be due  to  the lack of enough constraints to define com- 
pletely the  conformation of this side chain, which, in any case, 
is located closer to  the phosphate than in the initial structure. 
The H‘ protons of Gln 11 form hydrogen bonds with the 
cytidyl sugar 0 3 ’  atom in the 3’,5’-d(CpA) complex, although 
no NOE cross-peak is observed between Gln 11 and  the inhibi- 
tor protons.  This  interaction is not observed in the 2’,5’-CpA 
complex. Lys 66 and Ser 123 have been also considered as part 
of the active site of  RNase A, but no direct hydrogen bond in- 
teraction is observed in the solution  structures.  In the crystal- 
lographic  structures  available, these interactions  are  often 
mediated by a water molecule. As discussed previously, the 
chemical shifts of the side-chain protons of Gln 11, Lys 66, and 
Ser 123 change on complex formation, what may be an indica- 
tion of their playing a  role, albeit indirect, in the binding pro- 

cess. Chemical shift of the methyl protons of Val  43 are largely 
affected by complex formation. They also show several NOE 
cross-peaks with the  inhibitor  protons.  In agreement with these 
experimental data, in the calculated structures this residue is  in 
close contact with the ribose ring of the cytidine. Whereas the 
x1 angle of the side chain of Val  43  is not well-defined in the 
free enzyme due to motional averaging, the conformation of this 
side chain becomes remarkably less  flexible in the complexes, up 
to the point that, in the RNase A/2’,5’-CpA complex, all result- 
ing structures present values  of x 1 angle in the g- conformation. 

As mentioned in the previous section, no conflicting NOEs 
were observed for the side chain of His 119  in the dinucleotide 
complexes, where only the NOEs with Asp 121 are observed. As 
a consequence, the resulting structures from restrained molec- 
ular dynamic calculations correspond exclusively to conforma- 
tion A in the free enzyme. A visual inspection of the solution 
structures of the dinucleotide complexes indicates that  the sec- 
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ond position of the His 119 in the free enzyme is now occupied 
by the adenine base (Fig. 7). 

Some structural features of the two inhibitor molecules  in the 
final  structures are shown in Table 5. Glycosidic torsion angles 
in the 2’,5’-CpA complex are in the anti  conformation in both 
dinucleotides (x = -123 degrees for  the cytosine and -77 de- 
grees for  the adenosine moiety). The sugar conformations are 
in the general N-domain, with pseudorotation phase angles of 
80 degrees (cytosine) and 42 degrees (adenine) corresponding to 
the C4’-exo region. Both bases are also in the  anti  conforma- 
tion in the 3’,5’-d(CpA) complex, with values for the glycosidic 
angle of - 145 degrees and - 107 degrees for the cytosine and 
adenosine moieties, respectively. However, sugar ring confor- 
mations are in the two nucleosides in the general S-domain with 
pseudorotation angles of 124 degrees (Cl’-exo) and 181 degrees 
(C2‘-endo), respectively. Some  distortion is observed in  the ge- 
ometry of the cytidine sugar  ring, arising probably from inter- 
nal inconsistencies in the set of NOES. Remarkably,  the sugar 
conformations obtained for the 3’,5’-d(CpA)  complex by X-ray 
crystallography are in a N-type domain. To further check this 
discrepancy between the crystal and solution  structures,  the 3 J  
coupling constants between the  sugar protons in the two com- 
plexes were analyzed. 

Values for coupling constants of the ribose rings were ob- 
tained from the  phase-sensitive  DQF-COSY spectra by computer 
simulations of the COSY cross-peaks. In these simulations, the 
experimental conditions, such as line widths or apodization 
functions, are reproduced by the  program, and the 3J coupling 
constants involved are varied manually until a good match with 
the experimental cross-peak is achieved. Figure 8 shows an ex- 
ample for  the adenine sugar protons in the 3’-5’d(CpA) com- 
plex. Coupling values are related to dihedral angles  of the ribose 
ring through  a modified Karplus  equation  (Wijmenga et al., 
1993).  In  this case, the values obtained confirm that sugar puck- 
ers are in the general S-domain in the  two cases. Especially in- 
formative to discard N-type sugar conformations is the  HI’-H2’ 
coupling constant, which must be  very small for rings with  low 
pseudorotation phase angles (N-type).  In the case of the 3’- 
5’d(CpA) complex, the Hl’-H2’ ’J coupling constant is 8.0 Hz 
and  the  Hl’-H2” is 6.0 Hz for  the adenosine  (Fig. 8). The 3 J  
coupling constants for  the cytosine are in the  same range, but 
they could not be estimated accurately because of the  broader 
line  widths in the sugar protons of this nucleotide. In both cases, 
the values are only consistent with sugar puckers in the general 
S-domain. 

. G  

In the case of 2‘-5’CpA complex, 3J1,2j coupling constants are 
very small in both nucleotides, as can be  seen from  the lack of 
Hl‘H2’ cross-peak in the COSY spectrum. This indicates that 
sugar conformations are in the  N-domain (low pseudorotation 
phase angles), a result that agrees with the pseudorotation phase 
angles obtained in the calculated structures, as can be  seen  in 
Table 5 .  Because the  HI”H2’coupling constant in the free di- 
nucleotide are both approximately 5 Hz, the N-type conforma- 
tion of the riboses is induced by the binding of RNase A. 

Comparison of the solution structure of the complex 
with the crystal structure 

A  comparison of the  solution structure  of the RNase A/2‘,5‘- 
CpA complex with that determined in the crystal state for  the 
complex RNase A/2’,5‘-CpA (Wodak  et al., 1977) cannot be 
made in detail because the  Cartesian  coordinates of the  latter 
are lacking. However, we can compare  the data relative to the 
structure of the ligand as well as the close contacts and relevant 
interactions  found between atoms of the  protein and of the in- 
hibitor.  The  torsional angles are compared in Table 5. Also, a 
superposition of the  structure of the complexed 2’,5’-CpA  in so- 
lution and in the crystal state is given in Kinemage 5 included 
in the Electronic Appendix. Although there are large differences 
in some torsion angles, particularly in the y (Ade) and a, the 
global shape of the bound ligand and  the topological location 
of the two bases, the two sugar rings, and  the phosphate groups 
coincide. This is because the two structures  differ mainly in a 
concerted change the two  above  torsion. 

In relation to the  enzyme-inhibitor  hydrogen bonds, those ob- 
served in solution are also observed in the crystal, with the ex- 
ception of the  one between the carbonyl oxygen in position 2 of 
the cytidine base and  the amide proton of the Thr 45. It is of 
note  that in the early crystallographic work of Wodak et al. 
(1977), model building and energy minimization were used  in 
conjunction with difference  Fourier techniques, and, as recog- 
nized by the  authors, relatively noisy maps precluded an un- 
ambiguous  and detailed interpretation. We think  that our 
solution  structures based on experimental data  (NOE cross- 
correlations and coupling constants) have a higher level of reli- 
ability and accuracy. 

The glycosidic  as well as the backbone torsion angles  of the so- 
lution and crystal structures of the  complex  RNase  A/3’,5’-d(CpA) 
are very similar indeed (see Table 5 ) ,  with the only exception of 
the unimportant exocyclic torsion y (Cyt). The active  site  in  these 

Fig. 7. Stereo  view of the  active  site of RNase A. Su- 

positions of the side chain of His I19 (dotted lines) 
perposition of the  free  enzyme  structure  with  the two 

and  the  RNase rV3‘,5’-d(CpA) complex (solid lines). 
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Fig. 8. Simulation of the DQF-COSY cross-peaks of the adenosine deoxyribose proton spin system of the 3’,5’-d(CpA)-RNase 
1 :  1.5 complex. Left side, experimental cross-peaks. Right side, simulated cross-peaks. 

two  structures are compared in Figure 6. This figure has been protein are common to both structures (see Table 4, and Table 3 
included as Kinemages 1 and 4 in the Electronic Appendix for of Zegers et al., 1994). Although the position of the dinucleo- 
a more detailed and complete comparison. Also, most of the ob- tide in the solution and crystallographic structures is very simi- 
served intermolecular interactions between the inhibitor and  the lar, there are  important differences in the  conformation of the 
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dinucleotide (see Table 5 ) .  The main difference affects the sugar 
conformation of the deoxyriboses. Whereas the pseudorotation 
phase angles in the crystallographic  structures are small (in the 
general N-domain), the solution  structures present large values 
(characteristic of the general S-domain). As mentioned previ- 
ously, these sugar conformations, resulting from the restrained 
molecular dynamics calculation, were confirmed by direct ex- 
perimental evidence arising from the J coupling values between 
the deoxyribose protons. These results suggest that crystal pack- 
ing may affect the  conformation of the deoxyriboses in the 
RNase A/3’,5’-d(CpA) complex. Similar conclusions have been 
obtained in other related complexes, such as the 3’-GMP/barnase 
complex (Meiering et al., 1993) and several mononucleotide/ 
RNase T1 complexes (Inagaki et al., 1985). 

Discussion 

The solution structures of the complexes of RNase A with 2’,5‘- 
CpA  and 3’,5’-d(CpA) determined herewith very  closely  resem- 
ble those of the  structures  determined previously for  the two 
complexes in the crystal state. As  in that case, it is remarkable 
the lack of any large conformational change in the enzyme to 
accommodate the inhibitors,  a fact that is strongly supported 
by the chemical shift variation on complex formation as well as 
by an almost identical pattern of observed NOES in the free and 
bound forms of the enzyme. 

The mode of  binding obtained for these  complexes  is  the stan- 
dard or productive one, which may provide insights into the 
binding and catalysis of actual  substrates.  This is  in contrast to 
the results found for the complexes of RNase A with  2’,5’-CpG 
and 3’,5’-d(CpG) (Aguilar et al., 1991,  1992; Lisgarten et al., 
1995), according to which the inhibitors are bound in a  nonpro- 
ductive way (retro-binding in the words of the authors) in  which 
the downstream  guanine is bound  at the major binding site. As 
concluded by Zegers et a]. (1994), retro-binding must occur be- 
tween guanine and  the residues at  the  major binding site. 

In spite of their structural differences, the two dinucleoside 
monophosphates are recognized by the enzyme  in  much the same 
way. Recognition is accomplished through the  same set of 
inhibitor-enzyme-specific interactions, which, as detailed pre- 
viously, involves Thr 45 in the binding of the cytidine base and 
His 12, His 119, and  Phe 120 as the interacting residues with the 
oxygen atoms of the phosphodiester group. The Lys 41 extended 
side chain moves closer to the  phosphate group with respect to 
the free enzyme, which is  in agreement with the role assigned 
to this residue of stabilizing electrostatically the transition state. 

On  the basis of crystallographic and NMR studies of  RNase- 
nucleotide complexes, together with an affinity labeling ap- 
proach, de Llorens et al. (1989) have built a  tentative model of 
a complex of RNase A with a pentadeoxynucleotide in which 
a  rather extensive binding region comprising multiple specific 
subsites was proposed. Some of the predictions generated by 
their  study were tested by a crystal structure  determination of 
a related pentadeoxynucleotide (Fontecilla-Camps et al., 1994). 
Subsite B2, corresponding to  the downstream  adenine in our 
complexes, is clearly delineated in that work as an specific bind- 
ing site, in agreement with the results obtained for  the crystal 
structure  of  the complexes of RNase  A with 3’,5’-d(CpA) 
(Zegers et al., 1994) and 2’,5‘-CpA (Wodjak et al., 1977). In- 
teractions in that site may contribute to  the complex stability as 
well as to properly orientate  the scissible P-O5’(Ade) bond. The 

location of the adenine base in  the solution structure of these 
two complexes is also  remarkably well-defined and its position 
coincides practically with that determined in the crystal struc- 
tures. The side chains of Gln 69, Asn 71, and Glu 1 1  1 were found 
to interact by hydrogen bonding with the adenine base in the 
crystal state of the 2’,5’-CpA complex (Wodjak et al., 1974), 
whereas in the 3’,5’-d(CpA) complex, Zegers  et al. (1994) found 
that only  the side chain of Asn 71 formed two parallel strong 
bonds with the adenine base. This  is in agreement with the re- 
sults of Tarragona-Fiol et al. (1993), who mutated the residues 
Gln 69, Asn 7 1, and Glu 1 1 1 and found  that only the Asn 7 1 Ala 
mutation lowers the transesterification rate significantly. How- 
ever, Fontecilla-Camps et al. (1994), in their study on  the crys- 
tal structure of the complex of RNase A with d(ApTpApApG), 
found that the side chains of both Gln 69 and Asn 71 interact 
with the downstream  adenine base. This is more in agreement 
with the results obtained for  the solution  structures, for which 
we have found  transient hydrogen bonds of the side chains  of 
Gln 69 and Asn 71 and even of Asn 67 with the adenine base. 
It may be, as stated by Fontecilla-Camps et al. (1994), that  the 
side chains of all those residues constitute  a malleable binding 
site capable of establishing a variety of hydrogen bonds depend- 
ing on  the  nature of the base to be bound. 

Some comments on the structure of the bound inhibitors seem 
pertinent. The conformation of the base around the glycosidic 
bond is in the anti region  in  all  cases, in agreement with the struc- 
ture of the complexes in the crystal state. However, the sugar 
conformation of the cytidine and adenine nucleotides in the 
complex with 3’,5’-d(CpA) is in the S region in the solution 
structure at variance with that found for this complex  in the crys- 
tal state (Zegers et al., 1994). The coupling constant informa- 
tion appears  to be extremely valuable in defining the sugar 
conformation, which may have an influence on the  conforma- 
tion of the ribose-phosphate backbone of the  substrate. On the 
other hand,  the NMR method, when  based  exclusively on NOE 
effects, is  of limited use in defining the phosphate  backbone. 
An integrated approach of the two techniques, NMR and X-ray 
diffraction, may help in obtaining  the  structure of the ligand in 
considerable detail. 

Finally, the  solution  structure of the  two complexes reveals 
another  important point that was observed previously in the 
crystal structure and  that is related to  the two  positions found 
for  the His 119 side chain in the free enzyme. The presence of 
the downstream adenine base  blocks  the aIternative position (po- 
sition B) that this side chain is able to  adopt in the free enzyme. 
Thus, in the two complexes, we are only left with position A, 
in which the imidazolic group is hydrogen bonded to  05’in  the 
phosphodiester group (through NH”)  and to one OE in the car- 
boxylate group of Asp 121 (through NH“). According to these 
facts,  and  in agreement with that stated by Zegers et al. (1994), 
it seems more  probable that His 119 is active in the A confor- 
mation  during the transesterification reaction. 

Materials and methods 

Sample preparation 

RNase A was purchased from Worthington and used without 
further purification.  The  protein was dissolved in either HzO/ 
D,O (9:l) or D20 (1:l). Complexes were obtained by adding 
25  mg of RNase A and  the corresponding amount of dinucleo- 
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tide (1 .OS mg for 3',5'-d(CpA) or 1.14 mg of 2',5'-CpA), result- 
ing in a  sample of 4 mM concentration. Samples with different 
stoichiometry were also prepared to achieve either complete pro- 
tein saturation (1:2) or complete inhibitor  saturation (2:l). Due 
to serious overlapping,  spectra were recorded over a range of 
temperature (5-40 "C). Because the pH  for optimal binding was 
5 . 5 ,  spectra were recorded in a range of pH  from 4.0 to 5 . 5  as 
an aid for a  more direct translation of the free enzyme assign- 
ments obtained at  pH 4.0 (Rico et al., 1989) to  the complexes. 

NMR experiments 

NMR spectra were recorded in a  Bruker  AMX  spectrometer 
operating at 600 MHz. 2D spectra were acquired in the phase- 
sensitive mode using the time-proportional phase incrementa- 
tion technique (Marion & Wuthrich, 1983).  COSY, TOCSY, and 
NOESY were performed by acquiring 2,048 data points in t2 
and 5 12 data points in t 1. The spectra were zero-filled and Fou- 
rier transformed, giving a data matrix of 4,096 (f2)  and 1,024 
(fl) .  NOESY experiments were recorded with mixing times of 
50, 100, and 200 ms. Coupling  constants were extracted from 
DQF-COSY experiments (Rance et al., 1983). These spectra 
were recorded with 4,096 data points in t2 and 512 data points 
in t 1. After zero-filling, a frequency domain data set of 4,000 X 

1,000 was obtained with a  digital  resolution of 1.97 Hz/point 
in f2 and 5.88 Hz/point i n f l .  In both dimensions,  a sine- 
squared apodization  function shifted by a18 was used for res- 
olution enhancement. All spectra were  processed  with the Bruker 
software  package  UXNMR. 

DQF-COS Y simulations 

SHINX  and LINSHA  programs  (Widmer & Wiithrich, 1986) 
were used to simulate DQF-COSY cross-peaks for the ribose 
spin systems involving Hl',  H2',  H2", H3', and H4'. SPHINX 
was used to calculate stick-spectra. All protons except H2' and 
H2" were treated as weakly coupled nuclei. The experimental 
conditions (digital resolution, apodization functions, truncation 
of the  FID) as well as  the natural line widths were incorporated 
into  the simulated  spectra with the program LINSHA. J cou- 
pling constants and line width were varied until an optimal 
matching between experimental and simulated cross-peaks was 
achieved. 

Distance  constraints 

Interproton distance constraints were obtained from  the anal- 
ysis of NOESY spectra. To avoid  contamination from  the free 
species in the quantification of the NOE cross-peaks, intra- 
molecular constraints were  derived from either protein-saturated 
(RNase/inhibitor  1 :2) or nucleotide saturated  (RNase/inhibi- 
tor 2:  1) samples. Intermolecular NOES between the enzyme and 
the dinucleotides were derived from 1: 1 samples. NOESY cross- 
peaks were integrated with the software package AURELIA 
(Neidig et al., 1995). Distance constraints were obtained from 
the cross-peak volumes by using the isolated spin-pair approx- 
imation. To avoid spin-diffusion effects, the distance constraints 
were evaluated from NOESY experiments recorded at shorter 
mixing times (50 ms). 

Structure calculation 

In  order to obtain  a starting structure for the molecular dynam- 
ics refinement, a preliminary docking of the different inhibitors 
with the average structure of the free enzyme was conducted. 
The  docking was performed manually with the computer  mod- 
eling package Insight I1 (Biosym Technologies Inc., San Diego, 
California).  The  inhibitor was placed in the interior of the ac- 
tive site in a  conformation  that roughly satisfied the experimen- 
tal  intermolecular  distance  constraints. 

A total of eight structures was calculated for each complex. 
The calculation of these structures was performed by using  re- 
strained molecular dynamics methods as implemented in the 
package GROMOS (van Gunsteren & Berendsen, 1987), and fol- 
lowing an annealing strategy similar to the  one used  in the struc- 
tural calculation of the free enzyme (Rico et al., 1991,  1993). 
The  structures were first energy-minimized, and then heated to 
1,000 K. At this temperature, 40  ps of restrained molecular dy- 
namics  were conducted and eight structures were extracted from 
the trajectory,  one every 5 ps. These structures were submitted 
to a cooling procedure of 5 ps, and  an additional  equilibration 
period at 300 K .  This last part of the trajectory was  used for 
averaging, and was followed by a  final energy-minimization. 
The  force  constant  for  the experimental NOE term was 40.0 
kJ.mol" . k 2  during  the complete run. 

Because chemical shift changes on complex formation are 
found in  very well-defined regions of the protein, only the resi- 
dues with a chemical shift change larger than a  certain thresh- 
old were allowed to move during  the  simulation. Thus,  the 
backbone atoms of residues  with HN shift deviation lower than 
0.10 ppm or H" chemical shift variation lower than 0.05 ppm 
were kept fixed. A similar criterion was  used for  the side chains. 
Atoms that were not moved during  the calculation were kept 
fixed by adding an extra term to  the  standard GROMOS  force 
field, which consisted of a quadratic penalty function with a 
force  constant of 90.0 kJ .mol-' . A - 2 .  Other details of the cal- 
culation are identical to  the free enzyme study (Santoro et al., 
1993). 
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