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ABSTRACT. High-resolution (1.7 A) crystal structures have been determined for bovine pancreatic
ribonuclease A (RNase A) complexed with-diphosphoadenosine’-Bhosphate (ppA-3p) and %
diphosphoadenosiné-phosphate (ppA-2p), as well as for a native structure refined to 2.0 A. These
nucleotide phosphates are the two most potent inhibitors of RNase A reported so fa; watlues of

240 and 520 nM, respectively. The binding modes and conformations of ppfaBid ppA-2-p were

found to differ markedly from those anticipated on the basis of earlier structures of RNase A complexes.
The key difference is that the-B-phosphate rather than thé@-phosphate of each inhibitor occupies

the R phosphate binding site. As a consequence, the ribose moieties of the two nucleotides are shifted
by ~2 A compared to the positions of their counterparts in earlier complexes, and the adenine rings are
rotated into unusuaynconformations. Thus, the six-membered and five-membered rings of both adenines
are reversed with respect to the others but nonetheless engage in extensive interactions with the residues
that form the B purine binding site of RNase A. Despite the close structural similarity of the two inhibitors,
the puckers of their furanose rings are different:-€2doand C3-endq respectively. Moreover, their
5-a-phosphates and (')-monophosphates interact with largely different sets of RNase residues. The
results of this crystallographic study emphasize the difficulties inherent in qualitative modeling of protein
inhibitor interactions and the compelling reasons for high-resolution structural studies in which quantitative
design of improved inhibitors was enabled. The structures presented here provide a promising starting
point for the rational design of tight-binding RNase inhibitors, which may be used as therapeutic agents
in restraining the ribonucleolytic activities of RNase homologues such as angiogenin, eosinophil-derived
neurotoxin, and eosinophil cationic protein.

Bovine pancreatic ribonuclease A (RNasé BC 3.1.27.5) amino acid sequence determination, limited proteolysis,
is one of the most extensively investigated proteins [for crystallography, and peptide synthesis, among others. It has
reviews, see Richards and Wyckoff (1971), Blackburn and continued to be the focus of considerable attention, and a
Moore (1982), and Eftink and Biltonen (1987)]. It was the vast quantity of kinetic, mechanistic, thermodynamic, and
subject of many of the pioneering studies in protein chemistry structural information has now been collected.

and enzymology, involving chemical modification, refolding,  Nymerous studies have examined the inhibition of RNase

A by small nucleotides and oligonucleotides, and crystal or
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9 The atomic coordinates for both complexes of RNase A as well .
as for the free structure have been deposited with the Brookhaven al., 1973). In part, this may be due to the fact that RNases

Protein Data Bank (accession numbers 1AFK, 1AFL, and 1AFU, have long been percieved as molecules with purely digestive
respectively). functions and hence of limited biological interest or any
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!D%%P?”mte”tﬁf ?aghprkgy, Harx%g Xsdt'ca't;Ch?fi's 1997 Developments over the past decade have led to a reas-
stract published ir\dvance stractgpril 15, . :

1 Abbreviations: RNase A, bovine pancreatic ribonuclease A; Ang, sessment of the role and importance of RNases, as several

angiogenin; EDN, eosinophil-derived neurotoxin; ECP, eosinophil RNase A homologues have been demonstrated to possess

cationic protein; ppA-3p, 5-diphosphoadenosiné-hosphate; ppA-  potent physiological activities (D’Alessio, 1993). One of

2'-p, 5-diphosphoadenosiné-ghosphate; d(CpA), deoxycytidylyl-3- ; ; .

adenosine; PEG, polyethylene glycol],2-CpA, cytidylyl-2,5- ;hge;se, E.inglogergn (Angf) (Fett ;t a::i’ 1985’| ?trydotm et al('j’
adenosine; SAMP, adenosine 'Smonophosphate; ZMP, cytidine 2- ), is an inducer of new blood vessel formation an
monophosphate. appears to play an essential role in the growth and establish-
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ment of multiple types of human tumors (Olson et al., 1994, EXPERIMENTAL PROCEDURES

1995). Mutational studies have demonstrated that the . . ,
angiogenic action of Ang is critically dependent on its Diffraction MeasurementsBovine pancreatic RNase A

ribonucleolytic activity (Shapiro et al., 1989; Shapiro & WaS ob(tjained from Sigma(typedXII-Ag. Th_g ir(ljhilgitors ppA-l
Vallee, 1989). Two other homologues, eosinophil-derived iég;nlggf_z_%mere p;epare ?S escribed (Russo eta.,
neurotoxin (EDN) and eosinophil cationic protein (ECP) ! )- ase A crystals were grown using the
(Gleich et al., 1986), are neurotoxit vizo and are thought hang!ng drop vapor d|ffu3|o_n method. prop; containing
to produce some of the neurological symptoms associatedprOteIn (10 mg/mL) at pH 5.5 in 10 mM sodium citrate buffer

: . i . . - and 10% PEG 4000 were equilibrated against reservoirs
\I,_villiz ernsgnOéngl\llaangallzzglf %;?hiﬁirs(ﬁg??mﬁSz:;dg&?fs' containing 20% PEG 4000 and 20 mM sodium citrate buffer

activities to elicit their physiological effects (Sorrentino et oaép'égj)'/sglggc:?tﬁ;y;tslasszifigﬁgl :;t\?vfitlr? pdp?/g%xterl e6

al., 1992)'. Thus, the enzymatic active sﬁes of these prOteInSgrown under the same conditions as those for free enzyme,
are attractive targets for new therapeutic agents. Moreover,but in the presence of 0.5 mM inhibitor. The RNase crystals
RNase inhibitors may be useful for exploration of the

biological hani £ th lecul diffract to minimum Bragg spacings of 1.7 A using syn-
iological mechanism of these molecules. chrotron radiation. The systematic absences and symmetry

Efforts toward the design of potent small inhibitors of these were consistent with space groGg with the following unit
and other biologically active RNase superfamily enzymes cell dimensions:a= 101.54 A b=33.36 A,c=73.25 A,
have been initiated (Russo et al., 1997) and have focusedandp = 90.09. Since the3 angle is close to JQinitially,
on RNase A for several reasons. First, the amount of diffraction data were processed in C-centered orthorhombic
structural and functional information available on this space groupC222, but the resultindRsym was 0.40, for
enzyme makes it an obvious choice as a model system.monoclinic space groug2, it was 0.044. This ruled out
Second, RNase A complexes have already proved to be quitehe possibility that the chosen space group is not absolutely
amenable to crystallographic studies; in contrast, crystals ofcorrect. There are two molecules of RNase per crystal-
Ang complexes have not been obtained thus far, the structurdographic asymmetric unit, and approximately 48% of the
of native EDN has only recently been described (Mosimann crystal volume is occupied by solvent. Soaking experiments
et al., 1996), and structural work on ECP has yet to be were performed at 18C with 10 mM ppA-2-p for 3 h
reported. Third, the catalytic centers of Ang and EDN appear (RNase A-ppA-2-p complex) or with 1 mM ppA-3p for
to be fairly similar to that of RNase A (Acharya etal., 1994; 2.5 h (RNase AppA-3-p complex). Prior to soaking,
Mosimann et al., 1996), suggesting that RNase A inhibitors RNase crystals were stabilized in a solution containing 20
might also be effective against these other proteins or thatmM sodium citrate buffer at pH 5.5 with 25% PEG 4000
they can be tailored for this purpose. Fina”y, small-molecule for at least 24 h.K; values for these nucleotides measured
RNase A inhibitors themselves would have practical value, Under the soaking conditions are similar to those reported
since the protein inhibitor is unstable and is irreversibly Py Russo et al. (1997).
inactivated under denaturing or oxidizing conditions (Black-  Diffraction data were collected on station PX 96
burn & Moore, 1982). 0.87 A), of the Synchrotron Radiation Source, Daresbury,

The active site of RNase A contains numerous subsites Y-K-: for free RNase at 2.0 A resoluhon and for the RNase
for binding the various phosphate, base, and ribose moietiesA._ppA'z"p complex ag.1.7 A rtlasolunon u?lng_ a 30 clm
of e RIA subsiae. Trese stes dosgnared-B, ST AR search inege e (v o age e
By +*Bn, and R:-*R,, respectively, are shown schematically 3. | t17 A Ui lect da$tEpEMBL
in Figure 1 (Richards & Wyckoff, 1971; Paet al., 1991). pcompex at 1.7 /A resoiution were cotiected a
The three central sites are,Rvhere P-O5 bond cleavage beamline X31.’( =092 A) Iogated at HASYLAB, DE.SY

) T T . Hamburg, using an 18 cm diameter MAR-research image
occurs; B, which interacts with the base whose ribose

. . . : _ plate (crystal to image plate distance of 148 mm). One
contributes its 3oxygen to the scissile phosphodiester bond; . I
and B, which binds the base whose ribose provides the 5 crystal per data set was used (at"1§ with an oscillation

. T range of 1.8/image, and 100of data were collected for each
oxygen. B has a nearly absolute specificity for pyrimidines, data set to minimize the “missing cone” of data. Additional
whereas B strongly prefers purines.

data at low resolution (2.5 A) for the RNasppA-2-p

Two new RNase A inhibitors, &iphosphoadenosiné-3  complex (10 mM) were collected for one crystal, on a
phosphate (ppA-3p) and 5- diphosphoadenosine’-2  Siemens area detector mounted on a Siemens rotating anode
phosphate (ppA-2p), have recently been synthesized (Russo X-ray source with Culé radiation operating at 46 kV and
et al., 1997). They are the most potent nucleotide ligands 70 mA. Overall, 846 frames of data were collected with an
identified thus far, withK; values of 240 and 520 nM, oscillation range of 0.2%frame, a crystal to detector distance
respectively, at pH 5.9. Both compounds were expected toof 110 mm, a 2 angle of 158, and 130 s per frame exposure.

occupy the B, Bz, R, and B subsites of RNase, engaging  Data Processing and ReductiolRaw data images were

in a large number of favorable interactions. In the present indexed, integrated, and corrected for Lorentz and polariza-
study, high-resolution (1.7 A) crystal structures of the two tion effects using the program DENZO (Otwinowski, 1993).
complexes reveal that ppA-p and ppA-2-p indeed interact  All data were scaled and merged using the program
with the region predicted, but their binding modes differ SCALEPACK (Otwinowski, 1993). The XDS program
strikingly from those anticipated on the basis of previous (Kabsch, 1988) was used for raw area detector data process-
RNase complex structures. These findings have importanting and reduction. Intensity measurements for the RNase
implications for RNase inhibitor development as well as for A—ppA-2-p complex from the area detector and the
rational design efforts in general. synchrotron were merged and scaled by the SCALA program
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Phe 120

Ser 123

Asn 67
NH, GIn 69
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I) Asn 71
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Glu 111

Ficure 1: Schematic diagram of the subsites of the RNase A active site, adapted frosnePate(1991). The residues shown were seen
in various crystal and NMR structures to be within the sites.

(CCP4, Bailey, 1994). Intensities were truncated to ampli- used for both the rotation and the translation function
tudes by the TRUNCATE program (French & Wilson, 1978). searches. Using a Patterson cutoff radius of 26 A, a list of
The details of data processing statistics for the three datal00 rotation function peaks was obtained with the top peak
sets are presented in Table 1. having a correlation coefficient of 9.5 (m2bove the mean).
Phasing. The native structure of RNase A was determined The translation function gave two peaks with correlation

by the method of molecular replacement using the program coefficients of 22.9 and 22.0 (1Gx4and 15.4 above the
AMoRe (Navaza, 1994) with the coordinates of native RNase mean, respectively). The correlation coefficients for the two
A at 1.45 A resolution [PDB 3RN3 (Howlin et al., 1989)] solutions increased to a value of 65.7 after rigid-body
as a search model. Data in the range of-3®% A were refinement with AMoRe, and the R factor was 33.7%. No
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Table 1: X-ray Data Collection and Refinement Statistics

native ppA-3-p complex ppA-2p complex
Data Collection Statistics
resolution (A) 30.6-2.0 30.0-1.7 30.6-1.7
reflections measured 38 250 73892 87 383
unique reflections 15331 24 687 25897
completeness (outermost shell) (%) 89.6 (79.5) 91.4(82.4) 93.1(89.2)
1ol 18.1 9.2 9.9
multiplicity 25 3.0 3.4
Reyn (%) 4.4 5.7 9.0
Refinement Statistics
resolution (A) 8.6-2.0 8.0-1.7 8.0-1.7
Rerys? (%) 20.1 21.1 21.7
Rirec (%) 28.5 26.6 27.8
number of reflections 15149 24 566 25600
number of protein atoms 1894 1902 1901
number of ligand atoms - 62 62
number of water molecules per dimer 83 162 122
number of citrate molecules - - 2
deviations from ideality (rms)
bond lengths (A) 0.012 0.009 0.009
bond angles (deg) 1.7 14 15
dihedrals (deg) 25.3 25.0 25.1
impropers (de%) 1.4 1.2 1.3
averageB factor (4?)
main chain atoms 18.9 19.4 20.8
side chain atoms 22.2 221 23.2
all protein atoms 20.5 20.7 21.9
solvent atoms 32.7 37.0 34.6
ligand atoms (molecule I/molecule I1) - 30.9/40.6 38.9/47.1

aRsym = Ynyill(h) — li(h)I/>nYili(h), whereli(h) andI(h) are theith and the mean measurements of the intensity of refle¢tiorspectively.
b Reryst= YnlFo — Fel/>nFo, WwhereF, andF. are the observed and calculated structure factor amplitudes of reflégtiogpectively® Ryee is equal
to Reys: for a randomly selected 5% subset of reflections not used in the refinememg@rul992b).

solution was found using space groG@22 instead ofC2. density maps with heights greater tham&hd they were at
Refinement. The output model from AMoRe, which  hydrogen bond-forming distances from appropriate atoms.
comprised two molecules of RNase, was subjected to rigid- The 2F,| — |Fc|¢cac maps were also used to check the

body refinement with X-PLOR (Bmger, 1992a) using data  consistency in peaks. Water molecules with a temperature
from 10 to 3.5 A. TheRyee (Briinger, 1992b) at this stage factor higher than 60 Awere excluded from subsequent
was 36.5% and the conventiorlys: 18.6%. This model refinement steps. Noncrystallographic symmetry restraints
was used as a starting point for each one of the three datavere applied for the RNase molecules as well as for the
sets (one for free RNase A and two for the RNase inhibitor molecules throughout the refinement procedure,
A—inhibitor complexes). Alternating cycles of manual tight at the beginning and more relaxed toward the end, and
building, conventional positional refinement, and the simu- finally, they were released in the final refinement cycle. The
lated annealing method as implemented in X-PLOR im- details of refinement statistics for the three structures are
proved the model. Rebuilding was initially performed at 3.5 listed in Table 1.

A resolution using the interactive computer graphics program  The program PROCHECK (Laskowski et al., 1993) was
O version 5.10.3 (Jones et al., 1991) implemented on anyseq to assess the quality of the final structures. Analysis

Indigc? Silicon Graphics workstation. Extension of refine- 5 the Ramachandranp(-) plot for the three structures
ment from 3.5 to 2.0 A resolution for the native structure or showed that all residues lie in the allowed regions except

complex was performed in 0.1 A resolution steps, and the srycture which lies in a generously allowed region. This
quality of the model was monitored using SigmaA-weighted (esidue is modeled as alanine in the RNaseppA-2-p

2|Fo| — [Fel¢cacmaps calculated using the program SIGMAA  complex structure due to insufficient electron density for the
(Read, 1986). The behavior of tH&.e value was also  gjde chain.

monitored throughout the refinement. The inhibitor molecule

was included during the final stages of the refinement by RESULTS AND DISCUSSION

using part of the atomic coordinates of NADPH from the

crystal structure of the dihydrofolate reductadéADPH Overall Structures. The structures of RNase A reported
complex [PDB 3DFR (Filman et al., 1982)] which was here are very similar to those reported previously and in
consistent with the chemical formula of the inhibitors as a particular, to two high-resolution native structures, one at
starting structure. The inhibitor molecule was initially fitted 1.45 A [PDB 3RN3 (Howlin et al., 1989)] and another at
using the|Fo] — |F¢ maps, and subsequent fitting was 1.26 A [PDB 7RSA (Wlodawer et al., 1988)]. The rms
performed into &, — |F¢| inhibitor complex maps. During  differences between these two earlier structures and the
the final stages of refinement, after the inclusion of the present free RNase A structure are 0.42/0.52 and 0.40/0.49
inhibitor molecule, water molecules were inserted into the A (molecule 1/molecule 2 of the RNase A noncrystallograph-
model only if there were peaks in thE,| — |F¢| electron ic dimer) for 3RN3 and 7RSA, respectively. The corre-



5582 Biochemistry, Vol. 36, No. 18, 1997 Leonidas et al.

FIGURE 2: A stereo diagram of a simulated annealing omit 1.FF§ — |F| electron density map calculated using the standard protocol
as implemented in X-PLOR 3.851 (Hodel et al., 1992; Read et al., 1986) and omiting (a) thé-pm&a (b) the ppA-2p inhibitors from

the model coordinates to avoid any bias. The map is contoured at thde¥€l. The refined structures of (a) ppA{3 and (b) ppA-2p

are shown. The figure was generated using the program O (Jones et al., 1991).

sponding values for the rms differences for the RNase
A—ppA-3-p complex are 0.40/0.51 and 0.40/0.48 A, re-
spectively, and for the RNase-4pA-Z-p complex are 0.39/

0.52 and 0.38/0.49 A, respectively. Most of the amino acid
residues in all three new structures are very well defined in

the electron density map with the exception of the loop region
between residues 16 and 24, which has high temperature
factors and appears to be disordered. Portions of the electron
density maps (at 1.7 A) for the active site of the ppAs3

and ppA-2-p complexes are shown in Figure 2. The side
chain of His 119 is found in two conformations (A and B)

in the free RNase structure as observed in previous structures
(Borkakoti et al., 1982; Zegers et al., 1994). The occupancy
appears to be 0.7 for conformation A and 0.3 for conforma-

tion B, in accord with previous studies on RNase A -
crystallized at pH 5.5 (deMel et al., 1995). In both N
complexes, the imidazole ring of this histidine is only in
conformation A since conformation B is incompatible with
inhibitor binding. Asp 83 and Arg 85 are also found to have

two conformations as in some previous studies (deMel et

al., 1995; Kim et al., 1992). The catalytic site in the free
RNase structure is occupied by eight water molecules which

are involved in a network of hydrogen bonds involving Ala

4, GIn 11, His 12, GIn 69, Asn 71, Val 118, and Phe 120.

The exact positioning of the inhibitor bound to the RNase FIGURE 3: Schematic representation of the RNaseppA-3-p

A molecule is shown in Figure 3. The packing of the complex. The diagram was drawn with MOLSCRIPT (Kraulis,
noncrystallographic dimer in all three structures is identical 1991).

to that observed in the structure of RNase B (a glycosylated molecule, while on the other side it contains arhelix
form of the enzyme), also from monoclinic crystals (Williams (residues +13), a loop region (residues #4.7), and the

et al., 1987). The two monomers are almost perpendicular end of ano-helix (residues 3234) from the other molecule.

to each other; the interface between them consists on onen the free RNase A structure, there are 22 water molecules
side of ana-helix (residues 5%59), afS-strand (residues  in the dimer interface, and four of them mediate interactions
60—63), and a loop region (residues 789) from one between the two monomers. In the structure of the RNase
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Ficure 4: Stereoview of the superimposed structures of (a) ppp-®lack) and the adenine part of d(ApTpApA) (gray) (Fontecilla-
Camps et al., 1994) and (b) ppA (black) and ppA-2p (gray) when bound to RNase.

A—ppA-2-p complex, there are 29 water molecules in the similarly in all three structures, and with the exception of
interface, while in the RNase AppA-3-p complex, there His 119 (noted above) and Lys 7, no changes are observed
are 35; however, but in both cases, there are again four wateiin response to inhibitor binding. Lys 7 occupies significantly
molecules which mediate interactions between the two pro- different positions in all three structures, and it appears that
tein molecules. The active site is accessible in both its position is determined by the interactions available for
molecules. the amino group of its side chain.
The rms differences between the two monomers are 0.46 Structures of Inhibitors when Bound to RNase Fhe
A for free RNase, 0.41 A for the RNas@pA-3-p complex, electron density for the inhibitor ppA-p is of high quality,
and 0.40 A for the RNaseppA-2-p complex. Differences and all atoms are well-defined in both molecules (full
occur primarily in the loop regions. The active sites of the occupancy) of the noncrystallographic dimer (molecule | is
two monomers with the exception of Lys 7 are identical in shown in Figure 2a). In the ppA-p complex, the electron
all three structures. density for molecule Il is well-defined for most of the atoms
The rms differences between the structures of free RNase(full occupancy), except for the-phosphate and part of the
A and the ppA-3p and ppA-2-p complexes are 0.24 and ribose (Figure 2b). For molecule I, however, the density is
0.32 A, respectively, while the rms difference between the relatively poor (occupancy 0.6) and most of the atoms have
structures of the two complexes is 0.23 A. The differences high temperature factors (Table 1). Hence, only molecule
between the three structures of RNase are concentrated idl of this complex will be considered throughout our
the loop regions and especially in the regions between discussion.
residues 36 and 40, 66 and 69, and 87 and 94. These regions The conformation of adenosine in the ppAflB-RNase
are also more variable in other RNase A structures (ZegersA complex differs considerably from those observed previ-
et al., 1994), and the differences do not seem to be relatedously for B-bound adenosines in the complexes of RNase
to the presence or absence of an inhibitor. The free RNaseA with d(ApTpApA) (Fontecilla-Camps et al., 1994; PDB
structure, determined at 2.0 A resolution, contains 83 water 1RCN), d(CpA) (Zegers et al., 1994; 1RPG; Toiron et al.,
molecules. The structures of the ppAgBand ppA-2-p 1996) (Figure 4), and cytidylyl‘5'-adenosine (25'-CpA)
complexes are determined to a higher resolution (1.7 A) and (Toiron et al., 1996), as well as those encountered most
contain 162 and 122 water molecules, respectively. Also, frequently in free adenosine nucleotides. In the following
two molecules of citrate, which was included in the crystal- discussion, references to the preferred conformations of
lization medium, are observed in the RNase gpA-2-p protein-bound and free nucleotides are based on the study
complex. The residues in the active site are oriented by Moodie and Thornton (1993). Particularly unusual is the
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Table 2: Torsion Angles for ppA-3® and ppA-2-p when Bound to
RNase A&

PPA-3-p PPA-2-p
torsion angles (deg) molecule | molecule Il molecule Il
backbone torsion angles
O5-C5-C4-C3 (y) —71(-s9 —-67(-sg —63(=s9
C5-C4—-C3-03 (6) 148 150 88
C5-C4-C3-C2 —95 —88 —151
C4-C3-C2-02 —159 —174 —64
glycosyl torsion angle
O4—CI—N9—CA4 (x) 75 (syn 80 (syn 33 (syn
pseudorotation angles
C4-04—-C1-C2 (v,) —40 —46 -2
04-C1-C2-C3 (v1) 52 66 —25
C1-C2-C3-C4 (v;)) —42 —61 40
C2-C3-C4-04 (v3) 21 37 —46
C3—-C4—-04—-CI (vg) 12 7 29
phase 147 156 23
C2-endo @-endo @'-endo
phosphate torsion angles
O3A-PA-0O5-C5() 63 47 —58
PA—-O5-C5—-C4 () 161 125 —98
PG-02-C2-CT - - 83
PG-02-C2-C3 - - —175
PG-03-C3-C4 —107 —134 -
PG-03-C3-C2 143 126 -
PB—0O3A—PA-0O5 ({pp) —82 66 —109

a Definitions of the torsion angles are according to the current
IUPAC-IUB Joint Commission on Biochemical Nomenclature (1983),

Leonidas et al.

Table 3: Hydrogen Bond Interactions between Inhibitors and
RNase A

ppA-3-p ppA-2-p
inhibitor atom RNase A atom molecule | molecule Il molecule I
O1A Lys 7 NZ - 2.9 3.1
GIn 11 Ne2 3.1 2.7 -
water - - 2.4
0O2A Lys 7 NS - 3.3 2.7
O3A Gln 11 N2 2.9 - -
water 3.3 - 3.0
01B His 12 Ne2 2.8 3.3 2.7
Phe 120 N 3.0 2.8 2.9
water 2.7 2.4 2.7
02B Gln 11 N2 - - 3.1
His 12 Ne2 - 2.7 -
Lys 41 N 2.9 - -
water 2.7 - 2.9
03B His 119 M1 2.6 2.6 25
water 3.2 - -
01G Lys 7N 2.7 2.7 -
o5 Lys 7 N¢ 3.3 2.8 -
water - 2.8 —
N1 water 2.6 3.1 3.1
N6 Asn 67 @1 3.3 - 3.2
GIn 69 1 - 2.8 -
Asn 71 ®1 3.0 2.4 3.0
N7 Asn 71 Ny2 3.3 - 2.9

@ Numbers in columns are distances in angstroms. Hydrogen bonds
are listed if the distance between a donor (D) and an acceptor (A) is
shorter than 3.3 A and if the angle-H—A is greater than 90 For
the RNase-ppA-2-p complex, hydrogen bond interactions are listed
only for molecule Il since the occupancy for the inhibitor in molecule
| of the noncrystallographic dimer is low.

Other aspects of the ppA-p conformation more closely
resemble previous patterns. The pucker of the furanose ring
in ppA-3-p is C2-endq one of the two most frequently
observed ribose conformations in both protein-bound and free
adenosine nucleotides (the othe€3-endq. The adenosine
sugar in the d(CpA) complex is al962'-endo[Toiron et
al., 1996; Zegers et al. (1994), where it is reporteCas
exd. The orientation of the '3phosphate in ppA-‘3, as
indicated by the torsion angleésande, is well within the
normal range. Finally, the'§hosphate torsion angfeis
quite similar to those in previous complexes (161 vs-146
164°).

The conformation of bound ppA-p bears a strong overall
resemblance to that of ppA-B; again, the glycosyl torsion
angle and the orientation about the'€€5 bond are in the
unusual syn and —sc ranges, respectively (Figure 4).

and the phase angle of the ribose ring is calculated as described byMoreover, the positions of the adenine ring and termittal 5

Altona and Sundaralingam (1972).

orientation about the C4C5 bond { torsion angle), which

is in the—scrange (Figure 5, Table 2). In the d(ApTpApA)
and 2,5-d(CpA) complexesy is in the +sc range, as is
generally the case in solution. In the d(CpA) complexs

in the ap region commonly found with protein-bound
polynucleotides. Both-scandap are extended conforma-
tions that orient the 'sphosphate away from the adenosine.
The synglycosyl torsion angle in ppA-3-p is also quite
atypical; the B adenosines in the d(ApTpApA), d(CpA), and
2',5-d(CpA) complexes adopanti conformations, as do
virtually all free adenosine derivatives examined. The
angle in ppA-3-p in fact differs by almost 180from those

in the other RNase-bound inhibitors, making this part of the
nucleotide more compact.

phosphate with respect to each other are nearly the same.
These two moieties are critical anchoring points in the
interactions of both inhibitors with RNase (see below).
However, there are also noteworthy differences between the
two structures. The furanose pucker of pp/Ap2is C3'-
endorather tharC2'-endq this conformation is observed in
the d(ApTpApA) and 25-d(CpA) complexes as well. In
addition, the orientations of the pyrophosphate groups in the
two complexes are quite distinct, as reflected in the torsion
angleso. and 3, which differ by 120-160°.

Interactions of Inhibitors with RNase AThere are striking
differences between the interactions of pp/Ap3and ppA-
2'-p with RNase A (Table 3) and those anticipated on the
basis of earlier structures of complexes withrABAP
(Richards et al., 1972), d(CpA) (Zegers et al., 1994F 2
CpA (Toiron et al., 1996), and d(ApTpApA) (Fontecilla-
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FIGURE 6: Interactions of the inhibitor molecules and RNase A: (a) ppf-8nd (b) ppA-2p. RNase residues are drawn as ball-and-stick
models and water molecules as black spheres, and the inhibitor molecules are shown in black. Hydrogen bonds are indicated by dashed
lines. Diagrams were drawn with MOLSCRIPT (Kraulis, 1991).

Camps et al., 1994). The key difference is at thsubsite, 2'-p complexes superimpose reasonably well, with an rms
where in all previous complexes théhosphate of the B difference of 1.0 A. Only N6 has a position similar to those
site adenosine was seen to bind. With both pp#A-2nd in the earlier structures and can interact with some of the

ppA-2-p, thef- rather than ther- phosphate occupies this same RNase residues. In all of the complexes, this amino
site. Indeed, eacff-phosphate forms the same extensive group hydrogen bonds with @ of Asn 71. Additional
set of hydrogen bonds with the main chain N of Phe 120 hydrogen bonds with @1 of Asn 67 and/or @1 of GIn 69
and the side chains of His 12 and His 119 (Figure 6a,b) asare seen in some of the complexes (Figure 6a,b). The sulfur
do the R phosphates in the complexes of RNase with atom of Cys 65 is also within hydrogen bonding distance of
d(ApTpApA), d(CpA), 2-CMP (Howlin et al., 1987; Lis- N6 in the ppA-3-p and ppA-2-p complexes, 3.1 and 2.8 A,
garten et al., 1993), and-EMP (Zegers et al., 1994). Other respectively. N7 in the two inhibitors corresponds in position
hydrogen bonds of the ;Pphosphate in some earlier to N1 inthe others and interacts with the same RNase residue
complexes (e.g., with GIn 11 or Lys 41) are also replicated substituent, M2 of Asn 71.
in the ppA-3-p or ppA-2-p complex. Superpositions of In the d(ApTpApA) and d(CpA) complex structures, the
these various structures reveal that tjffeaPoms in the ppA- His 119 imidazole stacks against the five-membered ring of
3'-p and ppA-2-p complexes and the;phosphorus atoms  adenine; in each case, the planes of the two rings-ar@
in the earlier complexes all lie within 0-0.7 A of each A apart and parallel, and the rings line up well, with no
other (Figure 4). Despite the similarity of the positions of significant offset. The rotation of adenine in the ppAg3
the B-$-phosphates in the ppA-p and ppA-2-p complexes, and ppA-2-p complexes replaces this stacking interaction
the Rx atoms in the superimposed structures are separatedvith one between the six-membered ring of adenine and the
by 1.5 A and the phosphates form different interactions with His 119 imidazole that has a somewhat different geometry;
RNase. In the ppA-“3p complex, hydrogen bonds connect i.e., the planes of the two aromatic rings are now slightly
O1A to Ne2 of GIn 11 and O5to N of Lys 7, whereas in  off-parallel, and the rings are offset by0.4 A. Moreover,
the ppA-2-p complex, both O1A and O2A hydrogen bond the average distance between the two components is even
with Lys 7 N¢ (Figure 6a,b). shorter,~3.5 A. In addition to the hydrogen bonds and
The placement of thg- rather than thex-phosphates in  stacking interactions between RNase and the adenines of both
the R site requires that the ribose and adenine moieties of ppA-3-p and ppA-2-p, there are also numerous van der
these nucleotides be oriented quite differently from their Waals contacts involving Cys 65, Asn 67, GIn 69, Asn 71,
counterparts in the other complexes. In both cases, the ribosedla 109, Glu 111, and Val 118.
is shifted~2 A farther away from Pand the adenine ring The ribose moieties associated with the adenines in ppA-
is rotated by~180°. A consequence of these two features 3'-p and ppA-2-p have different puckers (see above), and
is that the adenines in ppA-p and ppA-2p occupy their C2/C3 sides deviate by about 2 A. The 024 sides
essentially the same,Bsite space as those in the earlier of the rings are closer in position and in both cases pack
complexes and are almost coplanar with them, but their six- closely against the carbonyl oxygen of Val 118 ané @@
and five-membered rings are reversed with respect to theHis 119. In fact, the separation between’ @dd the latter
others (Figure 4). The adenines in the ppAp3and ppA- atom, 2.7-3.0 A, is significantly shorter than the van der
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Waals contact distance of 3-8.6 A, perhaps indicating that ~ Preliminary analysis of this structure showed that the

the interaction is a nontraditional CGHO hydrogen bond. inhibitor is bound in exactly the same way as in the soaked
The existence of such bonds in proteins is documented [seecrystal.
Burley and Petsko (1988)] although uncommon. Modeling of Complexes of Angiogenin with ppAs3and

The 3_phosphate of ppA_'a) points away from the ppA-Z-p The relevance of the pl’esent RNase Complex
adenine moiety and interacts with RNase A through a 2.7 A structures for development of inhibitors of the related protein,
hydrogen bond to B of Lys 7 (Figure 6a). This lysine  human Ang, was examined by superimposing the Ang crystal
interacts with the corresponding phosphate in the d(ApT- structure (Acharya et al., 1994) with each complex and then
pApA) complex and is generally considered to be a Performing energy minimization on the resultant Ang
component of the Psubsite (Pa]@ et a|_’ 1991) This inhibitor models. ppA-Zp is the most effective nucleotide
retention of function, however, requires considerable move- inhibitor of Ang identified thus far (Russo et al., 1996) and
ment of the side chain (3.5 A ford since the locations of ~ binds several-fold more tightly than the &omer (the
the phosphate groups in the two structures differ greatly, dueOPposite isomer is preferred by RNase A). However, the
to the shift in the overall ribose position as well as the affinity of this compound for Ang is several hundred-fold
Changed furanose pucker' In the ppApZ(:omp]eX, Lys 7 lower than that for RNase A. Examination of the energy-
is too far removed from the'a)hosphate to allow any minimized models indicates that both nucleotides can be
interaction and instead moves to a third position [3.1 and accommodated in the Ang active site in the same orientation
2.5 A from those in the ppA:3 and d(ApTpApA) com- as for RNase A and there are no significant conflicts.

plexes, respectively] where, as already noted, it hydrogenHydrogen bonds of theg-phosphate at ;Pand stacking
bonds to O5(Figure 6b). interactions of adenine in the models correspond reasonably

well with those in the RNase complexes, but the adenine

Neither 2-hydroxyl of ppA-3-p in the dimeric unit .
contacts any RNase residue within the same noncrystallo-!corms only one hydrogen bond in thé@complex, and none

graphic dimer, but Of molecule | hydrogen bonds to Thr I the 3-p complex.  In both complexes, the monophosphate

70 Oy1 of a symmetry-related molecule. This intermolecular is within hydrogen _bondlng distance Of. Arg 5, which was
interaction apparently does not influence the mode of demonstrated previously to be a functional component of

binding, since there are no significant differences between the Fﬁsne'(Russo ?t al., 1996). Thqs, the modele_d structures
the two molecules. are consistent with the known kinetic properties of the

; . inhibitors. However, a previous model of the complex of
The 2-phosphate of ppA‘2 points toward the adenine g o> TOWSVET, 8 Previous plex

moiety and occupies the space close to the carboxyl groupAng with ppA-Z-p (Russo et al., 1996) in which the
- . nucleotide is positioned in the standard conformation (i.e.,
of Glu 111, with several ©0 distances of<3.3 A. P (

i ) . : . ith the B-a-phosphate i I t for the kineti
However, the phosphate is highly mobile, and its orientation g e S-a-phosphate in §} can also account for the kinetic

. . . . _ findings. Structural studies on the complex of Ang with
is not well-fixed. The electron density for this group is rather PPA-2-p now in progress should reveal whether the inhibitor
poor (Figure 2b). The observed conformation is a time and indeed binds as in either of these models

space average of an ensemble of positions which this group Conclusions and ImplicationsThe inhibitors ppA-3p
could occupy. It is therefore unclear whether there are any o

2 and ppA-2-p bind to RNase A more tightly than any other
favora_ble contacts betyveen the two groups. EIeCtr_OStat'Cnucleotide reported to date. Thé&rvalues of 240 and 520
repulsion would most likely prevent such an interaction at

. nM, respectively, are well below those df@MP (Anderson
neutral or alkaline pH (where.both groups are fully depro- et al., 1968) and uridine vanadate (Lindquist et al., 1973),
tonated) unless a compensating cation is also present. Atuntil now the most effective small-molecule inhibitors for

.pH.5_.5 which was used for soaking the RNase crystals with which RNase A complex structures have been determined
inhibitor, the phosph?‘te_ would presumably be largely a (Howlin et al., 1987; Wlodawer et al., 1983). In contrast to
mono- r_ather than a d|an|_on, a_nd the Glu carboxyl may also 2-CMP and uridine vanadate, which interact with the B
be part|ally protonated since its no_rm_aKapof ~4.5 may and R sites of RNase, the present inhibitors bind to the P
we]l be shn‘teq ypward by the proximity of the phosphate B,/P, region. They do so in a highly unusual manner that
anion. Thus, it is theoretically possible that yhe two groups requires them to adopt conformations markedly different
{_(')rm one tﬁr eyeyl1 t.\tNO fh%/r:jrogﬁ n d bondds n the fc};y’\?tal. from those observed for other occupants of these sites studied
owever, the simiiarity of the pH dependencies o ase previously. Both inhibitors are anchored to RNase largely

A inhibition by ppA-3-p and by ppA-2p (R. Shapiro, by extensive interactions that involve their most distant parts
unpublished observations) suggests that this linkage is weakbut are nonetheless interdependent. At one end, tife 5

Five of the E|ght water molecules pl’esent in the active phosphate forms four hydrogen bonds W|tf1$ﬂe residues
site of the free RNase A structure are displaced upon bindingof RNase in much the same manner as does the- 5
of ppA-3-p or ppA-2-p; three lie in the region occupied by  phosphate in earlier complexes. At the other end, the adenine
adenine, and two are near the position occupied by thering hydrogen bonds to Asn 71 and either Asn 67 or Gin
pyrophosphate group. Those that remain form hydrogen gg engages in—x stacking interactions with His 119, and
bonds with N1 of adenine and with the pyrophosphate of forms at least 17 van der Waals contacts with RNase. The
each complex (Table 3). Some of these water moleculesinteractions at each end restrict the possibilities at the other
serve as bridges between the inhibitor and enzyme, connectend and place constraints on the nucleotide conformation.
ing adenine N1 and &2 of Asn 67 and pyrophosphate Thys, with the 54-phosphate placed at,Radenine cannot
oxygens O1B and O3A with & of GIn 11. occupy B unless the glycosyl torsion angjeand the C4

Although the structures presented here are based onC5 torsion angley are in the atypicabynand —scranges,
soaking experiments, data from RNase A cocrystallized with respectively. Similarly, with adenine insynorientation at
0.5 mM ppA-3-p were also available at 1.7 A resolution. B,, only the 3-5-phosphate can extend fully into the $ite,
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and it can do so only if the torsion angjelies in the—sc We thank Drs. James F. Riordan and Bert L. Vallee for
range. The capacity of the adenine moiety to form produc- advice and support.

tive interactions in botlsyn and anti orientations reflects
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